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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The RASA Program represents a systematic effort to study a number of 
the Nation's most important aquifer systems, which, in aggregate, underlie 
much of the country and which represent an important component of the 
Nation's total water supply. In general, the boundaries of these studies are 
identified by the hydrologic extent of each system and, accordingly, tran 
scend the political subdivisions to which investigations have often arbi 
trarily been limited in the past. The broad objective for each study is to 
assemble geologic, hydrologic, and geochemical information, to analyze and 
develop an understanding of the system, and to develop predictive capabili 
ties that will contribute to the effective management of the system. The use 
of computer simulation is an important element of the RASA studies to 
develop an understanding of the natural, undisturbed hydrologic system 
and the changes brought about in it by human activities and to provide a 
means of predicting the regional effects of future pumping or other stresses. 
The final interpretive results of the RASA Program are presented in a 

series of U.S. Geological Survey Professional Papers that describe the 
geology, hydrology, and geochemistry of each regional aquifer system. Each 
study within the RASA Program is assigned a single Professional Paper 
number beginning with Professional Paper 1400.

Gordon P. Eaton 
Director
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REGIONAL AQUIFER-SYSTEM ANALYSIS APPALACHIAN VALLEY AND PIEDMONT

HYDROGEOLOGIC TERRANES AND POTENTIAL YIELD OF WATER TO
WELLS IN THE VALLEY AND RIDGE PHYSIOGRAPHIC PROVINCE IN

THE EASTERN AND SOUTHEASTERN UNITED STATES

BY E.F. HOLLYDAY AND G.E. HlLEMAN

ABSTRACT
The Valley and Ridge Physiographic Province is underlain by 

deformed sedimentary rock of Paleozoic age including dolomite, lime 
stone, shale, and sandstone. Regolith (soil, sediment, and weathered 
rock) covers the Paleozoic rock throughout most of the province. Local 
differences in lithology, structure, and weathering can result in four 
orders of magnitude variation in the water-yielding properties of the 
geologic units that underlie the area. Selected rock types, however, can 
account for a substantial part of this variation because of the unique 
way in which these dense, consolidated sedimentary rock types 
deform and weather to produce secondary openings.

On the basis of relations among rock type, water-yielding open 
ings, and water-yielding properties (as indicated by specific capacity), 
the regolith and consolidated rock were classified and mapped as five 
hydrogeologic terranes alluvium, dolomite, limestone, argillaceous 
carbonate rock, and siliciclastic rock. The hydrogeologic terranes are 
named after the predominant outcrop lithology within them. The west 
ern toe of the Blue Ridge Mountains is classified as a subdivision of the 
dolomite hydrogeologic terrane that may produce yields of water in 
excess of 1,000 gallons per minute (gal/min) to public and industrial 
supply wells.

Specific-capacity data for homogeneous data sets, which consist of 
all wells that have the same characteristics in regard to casing diameter, 
primary use of the water, and topographic setting, revealed significant 
differences in water-yielding properties among the five hydrogeologic 
terranes. According to results of Tukey statistical tests at a probability 
(alpha level) of 0.05, 8 out of 10 pairs of hydrogeologic terranes (for 
example, alluvium/limestone) had significantly different median 
specific-capacity values. The median value for public and industrial 
supply wells in the western toe is three times greater than the value for 
comparable wells in the dolomite hydrogeologic terrane elsewhere.

Estimates of potential yields to public and industrial supply wells 
were calculated from specific-capacity data for most-productive wells, 
which have casing diameter of 7 in. or more, discharge water primarily 
for public or industrial supply, and are in a valley. Median constant 
drawdowns, calculated from reported drawdowns, were assumed to 
be between 10 and 90 ft for wells completed in each of the five hydro- 
geologic terranes, and well-entrance losses were assumed to be negligi 
ble. Estimated interquartile ranges in potential yields to 412 most- 
productive wells in the five hydrogeologic terranes were 170 to 
580 gal/min, alluvium; 210 to 1,400 gal/min, dolomite; 80 to 
720 gal/min, limestone; 65 to 850 gal/min, argillaceous carbonate rock; 
and 70 to 280 gal/min, siliciclastic rock.

INTRODUCTION

The U.S. Geological Survey (USGS) started the 
Regional Aquifer-System Analysis (RASA) Program in 
1978 in response to congressional concern about the ade 
quacy of water supplies during drought. The purposes of 
the RASA Program were to define the regional hydrol 
ogy and geology of the Nation's important aquifer sys 
tems and to establish a framework of background 
information on geology, hydrology, and water chemistry 
for each aquifer system. This critical information is 
needed to develop an understanding of regional ground- 
water flow systems and to support efficient ground- 
water resources management (Sun, 1986, p. 1-8).

In 1988 as part of the RASA Program, the USGS 
began a 6-year study of the ground-water resources in 
parts of 11 States in the Eastern and Southeastern 
United States (Swain and others, 1991). The study was 
called the Appalachian Valley and Piedmont Regional 
Aquifer-System Analysis (APRASA). The APRASA 
team investigated ground-water resources primarily in 
the unglaciated part of the Valley and Ridge, Blue 
Ridge, New England, and Piedmont Physiographic 
Provinces (fig. 1). The Valley and Ridge subproject team 
of the APRASA study focused on a regional analysis of 
the hydrogeology of the carbonate and siliciclastic rocks 
in the Valley and Ridge Physiographic Province.

PROBLEM

A major problem in the effective development, man 
agement, and protection of the ground-water resources 
of the Valley and Ridge Physiographic Province is insuf 
ficient information on the regional hydrogeologic frame 
work. Definition of the framework is made difficult by 
the complexity of the geology, which causes large varia 
tion in the water-yielding properties of the rocks. The

Cl
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EXPLANATION
Physiographic province

Valley and Ridge

Blue Ridge and 
New England

FIGURE 1. The Appalachian Valley and Piedmont Regional Aquifer-System Analysis study area, physiographic provinces, and report study area.

range in yields of water to wells completed in any partic 
ular geologic unit can span several orders of magnitude 
and overlap the ranges of well yields in other units. Any 
analysis of this variation requires a large amount of well 
data to describe differences in the hydraulic characteris 
tics within each unit and to test for significant differences 
in hydraulic characteristics among units.

PURPOSE AND SCOPE

The purpose of this report is to provide background 
information on the regional hydrogeologic setting of the 
Valley and Ridge Physiographic Province in Alabama, 
Georgia, Maryland, New Jersey, Pennsylvania, Tennes 
see, Virginia, and West Virginia; to describe and map 
hydrogeologic terranes within this setting; to test these

hydrogeologic terranes for significant differences in 
water-yielding properties; and to estimate the quantity of 
water potentially available to wells in these hydrogeo 
logic terranes. Hydrogeologic terranes are defined in this 
report as regionally mappable areas characterized by 
similar rock type and water-yielding properties. The 
hydrogeologic terranes represent areas of distinct hydro- 
logic character. They are intended to help water users 
locate and develop adequate water supplies and to help 
hydrologists interpret the regional hydrogeology.

This report is one of four chapters in U.S. Geological 
Survey Professional Paper 1422 that describes various 
aspects of the geology, hydrology/ and geochemistry of 
ground water in the APRASA study area. These chapters 
include the summary (Chapter A) and descriptions of
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surface- and ground-water relations (Chapter B), the 
hydrogeologic framework of the Valley and Ridge Physi 
ographic Province [Chapter C (this report)], and ground- 
water geochemistry (Chapter D).

PREVIOUS INVESTIGATIONS

Previous investigations provide maps and descrip 
tions of the geologic units, describe the local quantity 
and quality of the ground water within these units, and 
establish the statistical methods for comparing the water- 
yielding properties of these units. State geologic maps 
show the distribution of geologic units at a scale of 
1:500,000 for Alabama (Osborne and others, 1989), Geor 
gia (Lawton and others, 1976), and Virginia (Calver and 
Hobbs, 1963). State geologic maps show units at a scale 
of 1:250,000 for Maryland (Cleaves and others, 1968), 
New Jersey (Lewis and Kummel, 1912), Pennsylvania 
(Berg and others, 1980), Tennessee (Hardeman, 1966), 
and West Virginia (Cardwell and others, 1968). Descrip 
tions of the geology of some individual topographic 
quadrangles, counties, parts of counties, or several coun 
ties in the area have been published. Many reports 
describing the ground-water resources of a county, parts 
of counties, multicounty areas, or river basin are listed in 
the Selected References section of this report.

The statistical methods used in this report are largely 
based on those used by Knopman (1990, p. 7-9) in her 
analysis of well records in the USGS Ground-Water Site 
Inventory (GWSI) data base. This analysis ranked factors 
that influence the water-yielding potential of the rocks in 
the Piedmont and Valley and Ridge Physiographic Prov 
inces in Pennsylvania. In her analysis, she used values of 
the dependent variable that were transformed by their 
natural logarithm in order to work with a more symmet 
ric distribution than for untransformed data. Nonpara- 
metric statistical methods were used because of the 
persistence of outliers and the occasional violation of the 
normality assumption when working with small subsets 
of the data. Statistical analysis included monotonic corre 
lation, one-way and factorial analysis of variance, and 
multiple linear regression. Readers are referred to Knop 
man (1990) for the details regarding her statistical 
methods.
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Duke and Paul A. Pearson, Student Trainees (Hydrol 
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municipal and industrial wells in Alabama, Georgia, Ten 
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records to the USGS GWSI data base in each State, com 
piling a data base for the project, and performing statisti 
cal tests and summaries on the data. Without their 
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HYDROGEOLOGIC SETTING

The complexity of the geology in the Valley and 
Ridge Physiographic Province results in a large variation 
in the water-yielding properties of the carbonate and 
siliciclastic rocks that underlie the study area. This varia 
tion has been observed on the scale of a single county 
(Clark and others, 1976, figs. 17-23; Swain and others, 
1991, p. 30). Within a single geologic unit (formation, 
group, or member) or combination of units, the effects of 
local differences in lithology, structure, and weathering 
can result in a range in water-yielding properties that 
spans several orders of magnitude. If specific capacity 
(the discharge of a well divided by the resulting draw 
down) is considered to be a measure of the water- 
yielding properties, then the range in water-yielding 
properties of a single unit can span four orders of magni 
tude and overlap the ranges of many other units (fig. 2).

GENERAL FEATURES

The Valley and Ridge Physiographic Province is 
underlain by deformed sedimentary rock of Paleozoic 
age that overlies metamorphic and igneous rock of Pre- 
cambrian age. The metamorphic and igneous rock is not 
discussed in the report because it has low permeability 
relative to the sedimentary rock and occurs either at 
depths greater than 1,000 ft or in limited outcrop within 
the study area. The Paleozoic sedimentary rock is, in 
order of abundance, carbonate rock (dolomite and lime 
stone), shale, and sandstone (Colton, 1970, p. 10). Folding 
and faulting of this rock, which was initially deposited in 
an almost horizontal position, has resulted in large struc 
tural features (anticlines, synclines, and thrust faults) 
that include several tens of square miles. Regolith (soil, 
sediment, and weathered rock) covers the consolidated 
rock throughout most of the study area.

Ground water in the consolidated rock of the study 
area resides in and flows through secondary openings 
(joints, fractures, bedding-plane partings, and dissolu 
tion openings). The secondary openings were formed by 
mechanical breakage and enlarged by chemical weather 
ing of the consolidated rock. These openings, which were 
produced after the rock was lithified, contrast with the 
primary openings that existed between grains in the 
original sediment.
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Ground-water flow systems in consolidated rock tend 
to be restricted in depth and areal extent because of the 
restricted vertical extent of major weathering and the 
change in geologic structure over short distances. Weath 
ering decreases with depth, thereby restricting the depth 
of development of the more permeable zones. Faults 
commonly restrict the areal extent of flow systems by 
cutting across geologic units and juxtaposing permeable 
rock and less permeable rock. Folds restrict the areal 
extent of flow systems by distorting the horizontal layer 
ing and exposing both permeable and less permeable 
rock units at the land surface. In addition, the wide 
spread occurrence of trellis drainage networks in the Val 
ley and Ridge Physiographic Province supplement 
restrictions on the areal extent of ground-water flow sys 
tems imposed by faults and folds. For these reasons, flow 
systems in the more permeable rock typically occupy a 
space of a few hundreds of feet in depth by tens or hun 
dreds of square miles in area. For example, a map of the 
potentiometric surface indicates that ground-water flow 
in the Spring Creek basin of south-central Pennsylvania 
is restricted to an area of approximately 10 mi by 17.5 mi 
(Wood, 1980, p. 10-12 and fig. 5). A similar map indicates 
that flow in the Carson Spring basin of the northwestern 
Valley and Ridge, Tennessee, is restricted to an area of 
approximately 2.3 mi by 4 mi (Webster and Carmichael, 
1993, p. 5-10 and fig. 15). This is in contrast to areas of 
extensive unconsolidated deposits such as the Atlantic 
and Gulf Coastal Plain where flow systems can occupy a 
space of many hundreds of feet in depth by thousands or 
tens of thousands of square miles in area.

The largest ground-water flow systems in the Valley 
and Ridge Physiographic Province discharge at large 
springs (450-45,000 gal/min) that are fed by conduits in 
carbonate rock. These conduits discharge at points rather 
than along extended lines of seeps. In the study area in 
Pennsylvania, 90 percent of springs that discharge 
100 gal/min or more produce water from carbonate rock 
(Saad and Hippe, 1990, p. 8). A substantial number of 
wells that discharge more than 1,000 gal/min in the 
study area are located adjacent to large springs that drain 
carbonate rock.

The quality and quantity of ground water in the con 
solidated rock are influenced by the depth of occurrence 
of the water and the lithology of the rock through which 
it flows. Freshwater occurs in usable quantities almost 
everywhere in consolidated rock to depths of several 
hundred feet, but tends to be deeper in carbonate rock 
than in argillaceous siliciclastic rock. Freshwater, which 
is in quantities too small for economic use, and brine 
occur in this rock to depths of a few thousand feet. One 
exception is the deep, warm freshwater in the Oriskany 
Sandstone and stratigraphically equivalent or adjacent 
rock units in Virginia and West Virginia. This ground

water probably circulates as deep as 1,800 ft below land 
surface where it is warmed by the surrounding rock 
before returning to land surface to discharge at hot 
springs (Hobba and others, 1979). Compared with silici 
clastic rock, carbonate rock tends to have more variable 
water-yielding properties, larger maximum potential 
yields of water to wells, and water with less dissolved 
iron, but greater hardness.

LITHOLOGY

Differences in the lithology of selected rock types can 
account for a substantial part of the variation in the 
water-yielding properties of the rock. Different 
unconsolidated materials have different primary poros 
ity and permeability as a result of differences in their 
grain size, packing, and cementation. Different consoli 
dated sedimentary rocks have different secondary poros 
ity and permeability as a result of differences in the way 
they deform and weather. Dolomite or limestone that is 
mostly free of clay or shale interbeds tends to deform 
plastically or develop few fractures at great depth within 
the Earth's crust. At shallow depth during weathering, 
the dissolution of soluble minerals along joints, fractures, 
and bedding-plane partings causes widening of these 
planar openings and results in a honeycomb rock that 
has variable, but commonly high, permeability. The pure 
or nearly pure carbonate rock typically is covered by 
only a few feet of residuum. Argillaceous carbonate rock 
also tends to deform plastically and develop fewer frac 
tures. During weathering, clays are likely to swell or oth 
erwise fill the few fractures and dissolution openings, 
which results in a rock that has low permeability. This 
rock usually is covered by a few tens of feet of residuum. 
Argillaceous siliciclastic rock generally deforms and 
weathers in a manner similar to argillaceous carbonate 
rock but lacks any substantial development of dissolu 
tion openings and has low permeability. Sandstone that 
is mostly free of clay or shale interbeds develops frac 
tures at depth, but during weathering, these fractures are 
not widened by dissolution. The permeability of clean 
sandstone is higher than that of argillaceous siliciclastic 
rock but lower than that of clay-free carbonate rock. Non- 
argillaceous sandstone typically is covered by a few feet 
of stony residuum. Thus, because these selected, sedi 
mentary rock types deform and weather differently, each 
type tends to have unique water-yielding characteristics.

Differences in the thickness and texture of regolith 
(unconsolidated materials) can account for a substantial 
part of the variation in the water-yielding properties of 
geologic materials in an area. Thick, coarse-grained 
regolith has a high permeability and, where saturated, 
can form a productive aquifer above the consolidated
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rock. Although thick fine-grained regolith has a low per 
meability, where saturated, it can provide abundant 
recharge to the underlying aquifers in consolidated rock. 
The water-yielding properties of geologic materials in 
areas with thin regolith, which stores little water, are pre 
dominantly influenced by the properties of the underly 
ing consolidated rock.

CONSOLIDATED ROCK

The consolidated sedimentary rock units in the study 
area represent a wide variety of rock types dolomite; 
magnesian limestone; limestone; argillaceous carbonate 
rock; shale, mudstone, and siltstone; sandstone; con 
glomerate; interbedded sandstone, siltstone, and shale 
(Patchen and others, 1985a, 1985b). The authors deter 
mined that most of these rock types could be grouped 
into a classification wherein each class is hydrologically 
unique. Under this classification, the rock types of hydro- 
logic significance in the study area are these sedimentary 
rocks: dolomite, limestone, argillaceous carbonate rock, 
and siliciclastic rock. The distribution through time of 
these rock types and local geologic units comprising 
them and their location across the study area (fig. 3) are 
illustrated by 21 stratigraphic columns in plate 1. For the 
most part, the geologic unit names in plate 1 conform to 
the usage of the State Geological Surveys. The columns 
contain the map symbols used in the State geologic maps 
referenced at the top of the columns in plate 1. The sym 
bols may be used to relate the map units to a particular 
geologic unit, rock type, and hydrologic significance.

For the hydrologic purpose of this report, the dolo 
mite rock type includes: (1) units that are predominantly 
dolomite (such as the Shady Dolomite in the Lower Cam 
brian Series), (2) a combination of dolomite and sand 
stone or chert (Gatesburg Formation and Copper Ridge 
Dolomite in the Upper Cambrian Series), and (3) dolo 
mite and limestone with as much as 70 percent limestone 
(Elbrook Limestone in the Middle and Upper Cambrian 
Series in Virginia). The limestone rock type includes units 
that are predominantly limestone (Lincolnshire Lime 
stone, Middle Ordovician Series in Virginia and West Vir 
ginia) and limestone with less than 30 percent dolomite 
(Stonehenge Limestone, Lower Ordovician Series).

The argillaceous carbonate rock type includes units 
that are predominantly clay-rich dolomite or limestone 
(Chambersburg Limestone in the Middle Ordovician 
Series in Maryland and Pennsylvania) as well as shale 
units that contain abundant calcite or magnesium calcite 
(Wills Creek Formation, Upper Silurian Series). The 
argillaceous carbonate rock type also includes undiffer- 
entiated geologic units that may be a combination of 
limestone, argillaceous carbonate rock, and siliciclastic 
rock (Middle and Upper Ordovician Series rock, undif-

ferentiated, in Virginia). The siliciclastic rock type 
includes units that are predominantly shale with little or 
no carbonate content (such as the Chattanooga Shale, 
Lower Mississippian and Upper Devonian Series), silt- 
stone (Maccrady Shale, Lower and Upper Mississippian 
Series), sandstone (Clinch Sandstone, Lower Silurian 
Series), and conglomerate (Shawangunk Conglomerate, 
Lower and Middle Silurian Series in New Jersey) that 
consist of clay minerals, quartz grains, or siliceous rock 
fragments. In New Jersey and eastern Pennsylvania, the 
siliciclastic rock type also includes a unit that contains a 
substantial amount of slate (Martinsburg Shale, Middle 
and Upper Ordovician Series).

Different rock types characterize different rock ages 
(pi. 1). Substantial amounts of dolomite are only in the 
carbonate rock that is mostly of Lower Cambrian 
through Middle Ordovician Series. Limestone is com 
mon in the Cambrian and Ordovician Systems through 
out the study area, the Upper Silurian and Lower 
Devonian Series in the northern half of the study area, 
and the Mississippian System in the southern half of the 
study area. Siliciclastic rock is particularly abundant in 
rock series younger than the Middle Ordovician. The 
argillaceous carbonate rock typically is in a stratigraphic 
interval between siliciclastic rock and either dolomite or 
limestone.

Different rock types of the same age characterize dif 
ferent parts of the study area (pi. 1). For example, the 
siliciclastic and argillaceous carbonate rocks in the Upper 
Silurian and Lower Devonian Series in New Jersey (col 
umn 1) grade laterally into limestone and argillaceous 
carbonate rocks in Pennsylvania (columns 3 and 4) and 
into limestone and siliciclastic rocks in Maryland, Vir 
ginia, and West Virginia (columns 5-11). Within these 
same two series, most geologic units are missing and the 
thickness of the section approaches zero in the south 
western half of the study area (columns 12-21). Different 
rock types of the same age may even characterize differ 
ent parts of the same column area (column 9, Middle 
Ordovician Series) where a thrust fault has juxtaposed 
rock types that originally were in compositionally differ 
ent and widely separated parts of the same depositional 
basin.

REGOLITH

Regolith varies in thickness from 0 to 450 ft and in 
texture from clay to gravel. It was either formed in place 
by the weathering of the underlying bedrock (residuum) 
or deposited after being transported from the place of 
weathering (till, colluvium, and alluvium). Only a small 
part of the regolith is shown on maps in this report 
because of the thinness and variable texture of most of 
these materials.
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Much of the consolidated rock in the study area is 
covered by residuum or glacial till. A fine-grained resid 
uum covers the valleys and upland flats that comprise 
much of the study area. Residuum is thin (commonly less 
than 5 ft) on shale and most carbonate rock. Residuum 
can be thick (more than 50 ft) on rock that contains sub 
stantial amounts of blocky sandstone or chert because 
these resistant materials protect the surface of the resid 
uum from erosion (Hack, 1965, p. 45^9, fig. 35). A pro 
tective surface forms either in place as a lag concentrate 
or as the result of the accumulation of colluvial or allu 
vial material transported from adjacent, topographically 
higher resistant rock. Glacial till with a sandy or clayey 
matrix covers much of the uplands in New Jersey and 
northern and eastern Pennsylvania and is commonly less 
than 3 ft thick (Sevon, 1989).

Alluvium underlies most river flood plains and is in 
terraces at the sides of valleys with streams that drain 
areas of resistant, siliciclastic rock. In major valleys of 
New Jersey and parts of northern and eastern Pennsylva 
nia, alluvium commonly exceeds 30 ft in thickness and is 
coarse grained, well sorted, and derived directly or indi 
rectly from glacial deposits. Alluvium in this part of the 
study area produces some of the largest yields of water to 
wells of any geologic units in the study area and is 
mapped as part of the report (pis. 2 and 3).

Thin, stony colluvium overlies residuum or bedrock 
on hill and mountain slopes that are crested by resistant 
siliciclastic rock (Hack, 1965, p. 30-32; Mills and Del- 
court, 1991, p. 614-615). This stony colluvium commonly 
grades down the slope into dissected alluvial terraces 
that contain cobble gravel, sand, and sandy loam. Adja 
cent to the Blue Ridge Physiographic Province along the 
southeastern edge of the study area, colluvium and allu 
vium interfinger to form a regolith apron that covers 
thick residuum and carbonate bedrock. The area of this 
apron has been associated with large springs (Becher and 
Root, 1981, p. 12) and wells producing in excess of 
1,000 gal/min (Leonard, 1962, p. 208, 209).

STRUCTURE

Differences in geologic structure can account for some 
of the variation in the water-yielding properties of the 
rock in the study area. Large-scale structures (anticlines, 
synclines, and thrust faults) juxtapose rock types that 
have different water-yielding properties and bring rock 
to the land surface where secondary porosity and perme 
ability can be enhanced by chemical weathering. Small- 
scale structures (fractures, joints, and bedding-plane 
partings) provide openings that allow water to enter and 
move through an otherwise dense rock mass.

Large-scale structures (fig. 4) control the distribution 
and extent of the geologic units. Complex anticlines, such

as the Nittany Arch and Wills Mountain Anticline in the 
northeastern half of the study area and Powell Valley, 
Wills Valley, and Murphree Valley Anticlines in the 
southwestern half, bring the older rock to land surface. 
Complex synclines, such as the Lackawanna, Broad Top, 
Massanutten, and Catawba Synclines and the Anthracite 
Basins in the northeastern half of the study area and the 
Bays Mountain, Floyd, Coosa, and Cahaba Synclines in 
the southwestern half, preserve the younger rock in their 
centers. In the northeastern half of the study area, the 
Great Valley and the Shenandoah Valley are underlain by 
intricately folded and faulted rock along the southeast 
ern edge of the Valley and Ridge Physiographic Prov 
ince. The southeastern edge of most of the province 
generally has closely spaced faults, overturned and 
recumbent folds, and outcrops of the oldest rock.

Thrust faults, which range in attitude from nearly 
horizontal to steeply dipping (fig. 5), cut across and dis 
place the Paleozoic rock units. Faults place older rock 
from the southeast over younger rock to the northwest. 
In the northeastern half of the study area, the displace 
ment along thrust faults decreases with decreasing 
depth, and anticlinal folds replace the faults at land sur 
face (fig. 5, A-A' and B-B'). Large anticlinal folds com 
monly are at land surface where the thrust faults ramp 
upward from depth [fig. 5, B-B', (Wills Mountain Anti 
cline), E-E' (anticline in the footwall of the Rome Fault)]. 
Near the middle of the study area (fig. 5, C-C' and D-D'), 
many thrust faults, such as the Pulaski and Saltville 
Faults, bring Ordovician and Cambrian rocks to the land 
surface, repeating the stratigraphic section not only ver 
tically but also from northwest to southeast.

The rock has been broken by small-scale structures 
throughout the Valley and Ridge. The frequency of inter 
section, density, and geometry of the fractures, joints, 
and bedding-plane partings vary with the lithology, bed 
thickness, and structural setting. Locally, all or some of 
these minor planar openings can be sealed by deposition 
of natural cementing materials subsequent to deforma 
tion or can be filled with fine-grained sediment trans 
ported by infiltrating surface water.

HYDROGEOLOGIC TERRANES

Hydrogeologic terranes are regionally mappable 
areas characterized by similar rock type and water- 
yielding properties. A classification of hydrogeologic ter 
ranes was developed and maps of hydrogeologic ter 
ranes were compiled so that the study area could be 
subdivided on the basis of the unique water-yielding 
properties of each hydrogeologic terrane.
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Nittany 
Arch

Anthracite 
Basins

Great 
Valley

South-central Pennsylvania 
APPROXIMATELY 80 MILES

Geology from Berg 
and others (1980)

£8

Wills 
Mountain 
Anticline

North
Mountain

Fault

Massanutten 
Syncline

Northeastern West Virginia and Northwestern Virginia 
         APPROXIMATELY 70 MILES          

Geology modified from 
Woodward (1985, section 11)

St. Clair 
Fault

Saltville Pulaski 
Fault Fault

Geology modified from 
Woodward (1985, section 16)

Giles and Pulaski Counties, Virginia i 
     APPROXIMATELY 50 MILES              '

Chattanooga Hunter Saltville
D Fault Valley Fault

I Fault I

Dumplin Great Tuckaleechee 
Valley Smoky Cove D- 
Fault Fault I

Geology modified from 
Woodward (1985, section 23)

Anderson, Knox, and Blount Counties, Tennessee I 
        APPROXIMATELY 50 MILES                 '

Wills Lookout Rome 
E Valley Syncline Fault 

Anticline I

Coosa 
Fault

Cartersville 
Fault E.

Geology modified from 
Woodward (1985, section 29)

DeKalb and Cherokee Counties, Alabama i 
     APPROXIMATELY 50 MILES                '

| Pennsylvanian rock

|_| Mississippian rock

Devonian rock

EXPLANATION

| Silurian rock 

| | Ordovician rock 

[ J Cambrian rock

Rock of Piedmont and Blue Ridge 
Physiographic Provinces and basement

Approximate location of fault 

Approximate location of geologic contact

FIGURE 5. Diagrammatic geologic sections of the Paleozoic rock of the Valley and Ridge Physiographic Province in the Eastern and South 
eastern United States. See figure 4 for location of sections.
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HYDROGEOLOGIC TERRANE CLASSIFICATION

Hydrogeologic terrane classes were defined based on 
the relation of rock type to the nature of water-yielding 
openings in the rock and the water-yielding properties of 
the rock. Twelve lithologic descriptors from the GWSI 
data base were used to identify the rock type for classify 
ing hydrogeologic terranes. For wells with lithologic 
descriptors, specific-capacity values were used as an 
approximate measure of water-yielding properties. The 
following five hydrogeologic terrane classes, one consist 
ing of regolith and four consisting of consolidated sedi 
mentary rock, are defined below: alluvium, dolomite, 
limestone, argillaceous carbonate rock, and siliciclastic 
rock. The relations among the 5 hydrogeologic terranes, 
the 12 lithologic descriptor groups, and the specific 
capacity of wells are shown in figure 6. Specific-capacity 
data were sufficient to treat each of the lithologic descrip 
tor groups as a separate hydrogeologic terrane; however, 
as shown in figure 6, it is unlikely that all lithologic 
descriptor groups would have unique water-yielding 
properties according to specific capacity. The authors 
elected to reduce the number of hydrogeologic terranes 
in order to increase the likelihood of identifying hydro- 
geologic terranes that would be unique in their water- 
yielding properties.

Hydrologic intuition may conflict with apparent dif 
ferences in the median specific-capacity values of wells 
completed in selected pairs of lithologic descriptor 
groups (fig. 6). For example, if it is assumed that all mate 
rials are well sorted, then sand and gravel (SDGL) would 
be expected to have a greater median value than sand 
(SAND) because the larger grain sizes in sand and 
gravel (SDGL) are commonly related to greater perme 
ability (Wenzel, 1942, p. 11-13; Freeze and Cherry, 1979, 
p. 350-352). Limestone (LMSN) would be expected to 
have a greater median value than dolomite (DLMT) or 
limestone and dolomite (LMDM), because limestone 
(LMSN) dissolves more quickly than dolomite (White, 
1988, p. 146). A large part of the reason for the apparent 
differences between selected pairs is that wells in each 
lithologic descriptor group have different diameter, 
intended water use, and topographic setting. As dis 
cussed later in the report in the section "Analysis of 
Records and Variables," differences in well characteris 
tics have a significant effect upon median specific- 
capacity values.

The distinction between regolith and consolidated 
rock was made on the basis of differences in the nature of 
the water-yielding openings and water-yielding proper 
ties. Well-sorted, coarse-grained alluvium of glacial ori 
gin is the only regolith that covers a substantial area and 
yields large quantities of water to wells from pore spaces 
between sediment grains. Water in the consolidated rock

occupies fractures, bedding-plane partings, or dissolu 
tion openings. In addition, median specific-capacity 
values of wells completed in the alluvium hydrogeo 
logic terrane sand (SAND), and sand and gravel 
(SDGL) were greater than those for wells completed in 
consolidated rock hydrogeologic terranes (fig. 6). In 
addition to differences due to well characteristics, sand 
(SAND) may have an apparently greater median 
pecific-capacity value than sand and gravel (SDGL) 

because the sand may be better sorted and may have 
less clay than the sand and gravel.

Dolomite and limestone were defined as distinct 
hydrogeologic terrane classes on the basis of their com 
position, the nature of water-yielding openings, and 
water-yielding properties. Large dissolution openings 
are unique features of these carbonate rocks and occur 
in addition to the joints, fractures, and bedding-plane 
partings characteristic of siliciclastic rock; and contrast 
with the intergranular openings of unconsolidated 
material. Specific-capacity values further differentiate 
dolomite and limestone from other rock types. Wells 
completed in the dolomite hydrogeologic terrane dolo 
mite (DLMT), and limestone and dolomite (LMDM) had 
the greatest median specific-capacity values of wells 
completed in consolidated rock hydrogeologic terranes 
in the study area (fig. 6). Wells completed in the lime 
stone hydrogeologic terrane limestone (LMSN) had 
the second greatest median specific-capacity value.

In addition to differences because of well characteris 
tics, limestone (LMSN) may have an apparently much less 
median specific-capacity value than dolomite (DLMT) or 
limestone and dolomite (LMDM) because many wells 
assigned by the field investigator to limestone may actu 
ally penetrate argillaceous limestone. Part of the differ 
ence between limestone and dolomite also may be that 
many dolomite units in the study area contain either 
chert or thin beds of sandstone, which weather to pro 
duce thick regolith. In some places, the thick regolith is 
saturated and recharges the underlying dolomite aquifer.

Argillaceous carbonate rock also was defined as a 
hydrogeologic terrane class on the basis of composition 
and nature of water-yielding openings and properties. 
Like dolomite and limestone, argillaceous carbonate rock 
mostly consists of magnesium calcite or calcite and can 
develop dissolution-enlarged secondary openings. How 
ever, the clay-mineral component of this rock mostly is 
insoluble, and when the rock is dissolved, the clay residue 
tends to clog some of the secondary openings and to 
reduce the water-yielding capacity of the rock. Median 
specific-capacity values for wells completed in the argilla 
ceous carbonate rock hydrogeologic terrane limestone 
and shale (LMSH), and dolomite and shale 
(DMSH) were less than median values for wells com 
pleted in the dolomite or limestone hydrogeologic 
terranes (fig. 6).
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Consolidated, non-carbonate, clastic rock was com 
bined into a separate hydrogeologic terrane class on the 
basis of composition and the nature of water-yielding 
openings and properties. This rock, which mostly con 
sists of insoluble silicate mineral grains or rock frag 
ments, is termed "siliciclastic rock/' It does not have 
primary, intergranular, water-yielding openings and gen 
erally does not develop secondary dissolution openings. 
The water-yielding openings in the siliciclastic rock are 
almost exclusively joints, fractures, and bedding-plane 
partings. Median specific-capacity values for wells com 
pleted in the siliciclastic rock hydrogeologic ter 
rane conglomerate (CGLM), sandstone and shale 
(SDSL), shale (SHLE), sandstone (SNDS), and siltstone 
(SLSN) were similar to each other, but as a group, they 
were less than the values for all lithologic descriptor 
groups in other hydrogeologic terranes except dolomite 
and shale (DMSH) (fig. 6;. In addition to differences due 
to well characteristics, sandstone (SNDS) may have the 
same median specific-capacity value as shale (SHLE) or 
sandstone and shale (SDSL) because the sandstone that 
has records with lithologic descriptor data is predomi 
nantly sandstone interbedded with shale or sandstone 
with a significant clay content.

HYDROGEOLOGIC TERRANE MAPS

The hydrogeologic terrane maps (pis. 2-5) were com 
piled from the hydrogeologic terrane classification, the 
predominant lithology of each geologic unit, and the 
State geologic maps. The predominant lithology (pi. 1) 
was determined primarily from the lithologic descrip 
tions in the explanations on the State geologic maps, sup 
plemented by data tables available for the Correlation of 
Stratigraphic Units of North America charts (Patchen 
and others, 1985a and 1985b), county reports on the geol 
ogy and ground-water resources, and the lithologic 
descriptors assigned to wells in each unit in the GWSI 
data base. The rock types shown by color in plate 1 corre 
spond exactly to the hydrogeologic terrane classes in 
plates 2-5. Uncolored (white) parts of the maps represent 
areas where the geologic units consist of a mix of rock 
types or where the geologic units consist of rock charac 
teristic of the Blue Ridge, New England, or Piedmont 
Physiographic Provinces.

The hydrogeologic terranes (pis. 2-5) coincide with 
the outcrop pattern of the geologic units with the corre 
sponding predominant lithology and reflect the geologic 
structure of the area. In the northeastern half of the Val 
ley and Ridge Physiographic Province (pi. 2), where few 
thrust faults are exposed and do not bring the older car 
bonate rock to the surface, the siliciclastic rock hydrogeo 
logic terrane characterizes much of the area. The

dolomite and limestone hydrogeologic terranes mostly 
are adjacent to the southeastern margin of this half of the 
province or are where folds bring them to the surface as 
in the Nittany Arch. In the southwestern half of the prov 
ince, numerous thrust faults repeat portions of the strati- 
graphic section and bring rock of all four hydrogeologic 
terranes to land surface in bands oriented parallel to the 
regional strike. In general, the argillaceous carbonate 
rock hydrogeologic terrane occurs between the siliciclas 
tic rock hydrogeologic terrane and other carbonate 
hydrogeologic terranes. The alluvium hydrogeologic ter 
rane generally coincides with the major valleys in the 
northeastern one-fifth of the study area (pis. 2 and 3). The 
siliciclastic rock hydrogeologic terrane includes more 
than half the entire study area; the alluvium hydrogeo 
logic terrane includes the least area.

HYDROGEOLOGIC TERRANE SUBDIVISIONS

The five hydrogeologic terranes can be subdivided on 
the basis of factors in addition to rock type. The five 
hydrogeologic terranes include a wide range of hydro- 
logic, structural, and geomorphic conditions. The ter 
ranes are regional, comprehensive, and essentially 
include the entire study area. Areas of more localized 
hydrologic conditions can be defined within these hydro- 
geologic terranes. An example of the subdivision of the 
dolomite hydrogeologic terrane is the western toe of the 
Blue Ridge Mountains, which is largely defined based on 
geomorphic conditions.

The western toe of the Blue Ridge Mountains (west 
ern toe) is an area characterized by an apron of colluvium 
and alluvium at the toe of the western slope of the Blue 
Ridge Mountains (Hinkle and Sterrett, 1976, p. 50 
and 51). The colluvium consists of stony material shed 
from outcrops of resistant, siliciclastic rock principally 
the Antietam Quartzite and equivalent units that is 
associated with the Blue Ridge Mountains. The apron 
overlies fine-grained residuum and dolomite bedrock at 
the southeastern edge of the Valley and Ridge 
Physiographic Province (fig. 7). In parts of the western 
toe, the combined thickness of colluvium, alluvium, and 
residuum exceeds several 100 ft (King, 1950, p. 55 and 
59). Within Augusta, Rockbridge, and Rockingham 
Counties, Virginia (fig. 8), the western toe has public and 
industrial supply wells that individually may produce in 
excess of 1,000 gal/min and together produce more than 
20 million gallons of water per day from dissolution 
openings in the dolomite that underlies the thick regolith 
(Leonard, 1962; Hinkle and Sterrett, 1976, 1978; Meng 
and others, 1985, p. 431).

The geomorphic conditions defining the western toe, 
namely an apron of colluvium and alluvium that was
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derived from resistant, siliciclastic rock and that overlies 
fine-grained residuum and dolomite bedrock at the 
southeastern edge of the Valley and Ridge Physiographic 
Province, extend beyond Virginia. These same conditions 
exist in parts of 36 counties in the study area (fig. 8). As 
examples, Becher and Root (1981, p. 32 and fig. 8) have 
mapped an area of thick colluvium and alluvium that 
overlies the Tomstown Dolomite in southeastern Cum 
berland County, Pennsylvania. An area of thick collu 
vium and residuum overlies the Shady Dolomite on the 
slope of Coldwater Mountain in southern Calhoun 
County, Alabama. Scott, Harris, and Cobb (1987, fig. 2 
and pi. 1) included this area in the recharge area of Cold- 
water Spring. This spring has a measured discharge aver 
aging 22,000 gal/min and is estimated to be the largest 
spring in the Valley and Ridge Physiographic Province.

SELECTION AND ANALYSIS OF WELL 
RECORDS AND VARIABLES

SELECTION OF RECORDS AND VARIABLES

A statistical analysis of well records was performed to 
determine if significant differences in water-yielding 
properties among the hydrogeologic terranes could be 
detected. In order to perform valid tests of significance, 
the authors first analyzed selected well records to investi 
gate the influence of independent variables (casing diam 
eter, primary use of the water, and topographic setting) 
upon the dependent variable (specific capacity).

All wells with values for specific capacity and well 
location were selected for inclusion in the data base for 
the study. Most of these were domestic wells, which gen 
erally have low yield and small specific capacity. Domes 
tic wells commonly are not located in the most favorable 
setting, drilled to the optimum depth, developed for suf 
ficient time, and equipped to produce large quantities of 
water. Consequently, domestic wells are not the most 
reliable source of information for classifying hydrogeo 
logic terranes, investigating the influence of independent 
variables on specific capacity, testing for significance, or 
estimating the potential yield of water to wells. However, 
in a trade of quantity of data for quality of data, a large 
sample set (domestic wells together with nondomestic 
wells) was used to classify hydrogeologic terranes and to 
investigate the influence of independent variables, 
because the smaller size of the sample of nondomestic 
wells reduced the ability to detect potentially significant 
terrane classes and variables. A smaller sample set (non- 
domestic wells only) was used to test for significant dif 
ferences among hydrogeologic terranes and to estimate 
potential yield of water to wells.

Records for wells with 6,891 reported specific- 
capacity values were retrieved from the GWSI data base 
for the eight-State area. Most of these records also 
included other data of interest well yield, well depth, 
and well-casing diameter. For example, 3,834 records 
included a lithologic descriptor that allowed analysis of 
specific-capacity values by descriptor (fig. 6). The largest 
number of records were for wells in Maryland (fig. 9). 
Records for wells in Maryland and Pennsylvania were 88 
percent of the total.

Specific capacity, well yield, well depth, casing depth, 
and casing diameter were examined to describe the vari 
ation of numeric data contained in the well records 
(fig. 10). Of the specific-capacity values, 90 percent (5th to 
95th percentile) were between 0.02 and 27 (gal/min)/ft, a 
range that exceeds three orders of magnitude. The 
reported yields to half of the wells were 16 gal/min or 
less. The median depth of the wells was 166 ft; 95 percent 
of the wells were less than 476 ft deep, and only 5 percent 
of the wells were less than 57 ft deep. Half of the wells 
were cased to a depth of 41 ft or less. Of the casing diam 
eters, 75 percent were 6 in. or less.

Primary use of the water and topographic setting 
were examined to describe the distribution of categorical 
data contained in the well records. With regard to pri 
mary use of the water, 63 percent of the wells were 
domestic; 18 percent were public or industrial supply; 
7 percent were commercial, institutional, or stock; and 
12 percent were used for other purposes or were unused. 
With regard to topographic setting, 58 percent of the 
wells were on hilltops or hillsides; 32 percent, in valley 
flats or flats; and 10 percent, in other or undesignated 
topographic settings. The data set predominantly con 
sists of domestic wells on hilltops or hillsides.

Each well record was assigned to one of the five 
hydrogeologic terranes based on the identity of the geo 
logic unit penetrated by the well. The geologic unit was 
the primary aquifer reported in the GWSI data base or, 
for those wells with no reported primary aquifer, was the 
geologic unit shown on State maps at the well location. 
The distribution of wells by hydrogeologic terrane was 
uneven. Most wells (3,324) were in the siliciclastic rock 
hydrogeologic terrane; the least number of wells (115) 
were in the alluvium hydrogeologic terrane. The dolo 
mite, limestone, and argillaceous carbonate rock hydro- 
geologic terranes were the location for 1,334, 1,501, and 
617 wells, respectively.

Dependent and independent variables for analysis 
were selected primarily on the basis of earlier work by 
Knopman (1990, p. 3-6), who analyzed well records for 
Pennsylvania in the GWSI data base to identify factors 
that influence the water-yielding potential of the rock. 
Knopman used specific capacity as the dependent
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variable; and used casing diameter, primary use of the 
water, lithologic descriptor, topographic setting, depth of 
casing, depth of well, saturated interval (as calculated 
from depth of well, static water level, and depth of cas 
ing), and primary aquifer (or geologic unit identifier) as 
independent variables. She determined that casing diam 
eter, primary use of the water, lithologic descriptor, and 
topographic setting (in decreasing order) accounted for 
the most variation in specific-capacity values (Knopman, 
1990, p. 27, fig. 9).

The dependent variable for this study was specific 
capacity. Specific capacity and reported well discharge 
are measures of the yield of water to wells. Specific 
capacity was considered the more accurate measure 
because it accounts for drawdown in addition to dis 
charge. As an example, a group of wells that produce an 
average 10 gal/min with 10 ft of drawdown are com 
pleted in rock that has better water-yielding properties 
than a group of wells that produce an average 
10 gal/min with 100 ft of drawdown. Specific capacity is 
only an approximate indicator of the water-yielding 
properties of the rock, because the consolidated rock in 
the study area commonly is neither isotropic nor homo 
geneous, and because the specific capacity varies with 
well discharge. Of the variables available for analysis, 
specific capacity nevertheless was considered to be the 
most accurate and abundant indicator.

The independent variables for this investiga 
tion casing diameter, primary use of the water, 
topographic setting, hydrogeologic terrane, and hydro- 
geologic terrane subdivision were selected on the basis 
of the results of work by three investigators in addition 
to Knopman (1990). Casing diameter correlated strongly 
with well diameter, which in turn was reported to corre 
late strongly with well yield; for example, average well 
yield was determined to be directly proportional to the 
diameter of wells in the Piedmont and Blue Ridge Physi 
ographic Provinces of North Carolina (Daniel, 1989, 
p. A16-A20). In the present study, casing diameter was 
not postulated to directly influence specific capacity. A 
large part of the correlation between well diameter and 
yield (or specific capacity) is probably due to cultural 
bias in the siting and construction of the wells. This bias 
is associated with the intended use of the water and not 
with the greater discharge capacity of the larger casing 
size. For example, wells with a diameter greater than 
7 in. are likely to have been constructed at sites where a 
well owner who desired a large amount of water knew in 
advance that large quantities of water were available and 
warranted the expense of the larger casing size. Advance 
knowledge might be based on records of existing wells or 
the results of drilling test wells.

Concerning primary use of the water, Wood and 
MacLachlan (1978, p. 29-30, tables 5 and 6) provided 
data to show that the median specific-capacity values of 
nondomestic wells in carbonate geologic units are 
20 times the median values of domestic wells in the same 
units. A large part of the correlation between primary 
use of the water and specific capacity of wells is probably 
due to cultural bias in the siting and construction of the 
wells; for example, well owners who intend to withdraw 
water for public or industrial supply purposes usually 
are willing to invest more time and money on their water 
supplies than are well owners who intend to withdraw 
water for domestic purposes.

ANALYSIS OF RECORDS AND VARIABLES

Casing diameter, primary use of the water, and topo 
graphic setting influence the specific-capacity values of 
wells completed in the various hydrogeologic terranes. 
For example, when specific-capacity values for wells in 
the dolomite hydrogeologic terrane were grouped 
sequentially, first by categories of the variable casing 
diameter, then by categories of primary use of the water, 
and last by categories of topographic setting (fig. 11), 
substantial differences became apparent. For the dolo 
mite hydrogeologic terrane, wells with casing diameters 
of less than 7 in. generally had a smaller specific capacity 
than wells with casing diameters of greater than 9 in. 
Wells used for domestic supply typically had a smaller 
specific capacity than wells used for public or industrial 
supply, and wells located on hills had a smaller specific 
capacity than wells located in valleys (fig. 11). The eight 
categories within the three variables (fig. 11) had similar 
relations to specific-capacity values for wells completed 
in the four other hydrogeologic terranes.

To further examine the apparent differences in 
specific-capacity values among the categories of the 
variables casing diameter, primary use of the water, and 
topographic setting, Tukey's honestly significant differ 
ence test (SAS Institute, Inc., 1985, p. 473) was employed. 
Tukey's test, a nonparametric statistical procedure, was 
used to determine if the apparent differences in median 
values among these categories were statistically signifi 
cant from each other. The test involves a null hypothe 
sis that no real differences in median values of specific 
capacity exist among wells in the various categories. 
An alpha level, or level of probability, is used in the 
test to represent the maximum probability of rejecting 
the null hypothesis when it is actually true. Tukey tests 
performed at a probability (alpha level) of 0.01 indi 
cated a statistically significant difference between the 
median values of specific capacity for the following 
seven pairs of categories within the three variables
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[where (less than 7 in.)/(7 to 9 in. inclusive) is an exam 
ple of a single pair] (fig. 11):

Casing diameter
(less than 7 in.)/(7 to 9 in. inclusive) 
(less than 7 in.)/(greater than 9 in.) 

(7 to 9 in. inclusive)/(greater than 9 in.)

Primary use of the water
(domestic) / (commercial) 
(domestic)/(public and industrial supply) 

(commercial)/(public and industrial supply)

Topographic setting
(hill)/(valley).

Differences among the hydrogeologic terranes in 
regard to the percentage of wells in each category of the 
three variables tend to bias the median values of specific 
capacity and complicate the determination of significant 
differences in water-yielding properties among the 
hydrogeologic terranes. For example, the alluvium 
hydrogeologic terrane has a larger percentage of wells 
with casing diameters of greater than 9 in. than does the 
dolomite hydrogeologic terrane. This difference between 
the two hydrogeologic terranes tends to exaggerate the 
apparent difference between their median values of spe 
cific capacity. Testing for significant differences in water- 
yielding properties between the alluvium and dolomite 
hydrogeologic terranes may not be valid without 
accounting for differences between data sets in regard to 
casing diameter.

A method for reducing the influence of casing diame 
ter, primary use of the water, and topographic setting on 
specific capacity is to subdivide the data base into homo 
geneous data sets consisting of wells with the same char 
acteristics with respect to these three variables. Two 
homogeneous data sets were constructed for each hydro- 
geologic terrane the most-productive wells and the 
least-productive wells (fig. 12). The homogeneous data 
set that represented the most-productive wells consisted 
only of wells with casing diameters of greater than or 
equal to 7 in., used for either public or industrial supply, 
and located in valleys. The homogeneous data set that 
represented the least-productive wells consisted only of 
wells with casing diameters of less than 7 in., used for 
domestic supply, and located on hills. The influence of 
these variables is so pronounced that the interquartile 
range (25th to 75th percentile) for the most-productive 
wells in siliciclastic rock does not even overlap the inter 
quartile range for the least-productive wells in dolomite 
(ng. 12)

Specific-capacity values for these two homogeneous 
data sets for each hydrogeologic terrane are significantly 
different according to Tukey tests probability (alpha 
level) of 0.0005. Subdividing the data into homogeneous
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Description of homogeneous data sets Most-productive wells data set 
consists only of wells with casing diameters of greater than or equal to 
7 in., used for either public or industrial supply, and located in valleys. 
Least-productive wells data set consists only of wells with casing 
diameters less than 7 in., used for domestic supply, and located on hills.

Percentile Indicates percentage of measurements 
equal to or less than indicated values

T~

90th 
75th

50th 

25th 

10th

34    Number of most-productive wells 
6   Number of least-productive wells

Boxplot of most-productive wells 

Boxplot of least-productive wells

FIGURE 12. Variation of specific-capacity values for wells grouped by five hydrogeologic terranes 
and two homogeneous data sets.
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sets (fig. 12) revealed some of the cause for the large 
range in values within each hydrogeologic terrane for 
undivided data sets that results in overlapping values 
between terranes. The homogeneous data sets represent 
end members in a range of values wherein restrictions 
were made on the three variables casing diameter, pri 
mary use of the water, and topographic setting. In con 
trast, when no restrictions were made on these variables 
as for nonhomogeneous, undivided sets, the range in 
specific-capacity values for each hydrogeologic terrane 
was sufficiently large that real differences among ter 
ranes were obscured, and the range in values for each 
hydrogeologic terrane had substantial overlap with the 
range of other terranes. Subdividing the data base by the 
three variables allows for better estimates of the specific 
capacity of the hydrogeologic terranes.

Valid conclusions about significant differences in 
water-yielding properties can be made by comparing sub 
divided data sets. Concerning a comparison of median 
specific-capacity values for most-productive wells, Tukey 
test results indicated a statistically significant differ 
ence probability (alpha level) of 0.05 between median 
values for the following pairs of hydrogeologic terranes:

(alluvium) / (limestone), 
(alluvium)/(argillaceous carbonate rock), 
(alluvium)/(siliciclastic rock), 
(dolomite) / (limestone), 
(dolomite)/ (argillaceous carbonate rock), 
(dolomite)/(siliciclastic rock), 

(limestone)/(siliciclastic rock), and 
(argillaceous carbonate rock)/(siliciclastic rock).

Tukey test results did not indicate a statistically signifi 
cant difference between median values of specific capac 
ity for the remaining two pairs of hydrogeologic terranes 
at a probability (alpha level) of 0.05:

(alluvium)/(dolomite), and
(limestone)/(argillaceous carbonate rock).

In summary Tukey test results indicated that the dif 
ferences in median specific-capacity values were signifi 
cant for at least 8 of the 10 pairs of hydrogeologic 
terranes by use of homogeneous data sets. Therefore, the 
hydrogeologic terranes are, for the most part, signifi 
cantly different in their water-yielding properties.

ANALYSIS OF HYDROGEOLOGIC TERRANE 
SUBDIVISIONS

A statistical analysis of well records was performed to 
determine if significant differences in water-yielding 
properties between subdivisions of the dolomite hydro- 
geologic terrane could be detected. To determine

differences between the western toe subdivision of the 
dolomite hydrogeologic terrane and remaining subdivi 
sions of this terrane, a comparison was made using 
44 records of the most-productive wells from the GWSI 
data base of the USGS for Virginia and West Virginia. For 
the purpose of this comparison, wells located within the 
dolomite hydrogeologic terrane and within a band that is 
3 mi wide along the southeastern border of the Valley 
and Ridge Physiographic Province in these two States 
were classified as "in-toe" wells, and those within the 
dolomite hydrogeologic terrane to the northwest were 
classified as "out-of-toe" wells. The ranges of the middle 
90 percent of specific-capacity values overlapped and 
spanned about three orders of magnitude (fig. 13). The 
median specific-capacity value for "in-toe" wells 
[26 (gal/min)/ft] is more than three times the median 
value for "out-of-toe" wells [7.2 (gal/min)/ft].

To further examine the apparent differences in 
specific-capacity values between the subdivisions of the 
dolomite hydrogeologic terrane, a nonparametric statisti 
cal procedure, the Mann-Whitney test (Inman and 
Conover, 1983, p. 281) was employed. The Mann- 
Whitney test was used to determine if the apparent dif 
ferences in median values between these subdivisions 
were statistically significant from each other. The Mann- 
Whitney test involves a null hypothesis that no real dif 
ference in median values of specific capacity exist 
between wells in the two subdivisions. An alpha value, 
or level of probability, is used in the test to represent the 
maximum probability of rejecting the null hypothesis 
when it is actually true. The alpha value used in this 
analysis was 0.05. The p-value represents the attained 
level of significance determined from the data using the 
Mann-Whitney test. If the p-value is less than or equal to 
the alpha value, the null hypothesis is rejected, and sig 
nificant differences are assumed to exist between the 
subdivisions.

The Mann-Whitney test indicated a statistically sig 
nificant difference between the median values of specific 
capacity for the subdivisions of the dolomite hydrogeo 
logic terrane in Virginia and West Virginia (p-value of 
0.05). Public and industrial supply wells in dolomite in 
the western toe had significantly greater specific-capacity 
values than comparable wells in dolomite elsewhere in 
Virginia and West Virginia.

POTENTIAL YIELD OF WATER TO WELLS

The potential rate that water can be withdrawn from 
public and industrial supply wells can be estimated from 
the reported specific-capacity values of the most- 
productive wells (fig. 12) by assuming constant draw 
downs for each hydrogeologic terrane and negligible
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FIGURE 13. Variation of specific-capacity values for public and 
industrial supply wells in and out of the western toe subdivision 
of the dolomite hydrogeologic terrane in Virginia and West 
Virginia.

well-entrance losses. These constant drawdowns were 
determined from the median of reported drawdowns for 
the most-productive wells. For these wells, the median 
drawdowns (rounded to the nearest 10 ft) were 10 ft, 
alluvium; 30 ft, dolomite and limestone; 50 ft, argilla 
ceous carbonate rock; and 90 ft, siliciclastic rock. As an 
example of the calculation of potential yield, the median 
specific capacity of the 91 most-productive wells in silici 
clastic rock (fig. 12) was 1.4 (gal/min)/ft. When multi 
plied by 90 ft of drawdown, this specific-capacity value 
resulted in an estimated median potential yield of about 
130 gal/min (fig. 14). Because the water-yielding proper 
ties of the rock vary, a more realistic estimate of potential 
yield is given by the interquartile range in specific capac 
ity. On the basis of data for the 412 most-productive 
wells, the middle 50-percent range in estimated potential 
yields to these public and industrial supply wells was 
170 to 580 gal/min, alluvium; 210 to 1,400 gal/min, dolo 
mite; 80 to 720 gal/min, limestone; 65 to 850 gal/min, 
argillaceous carbonate rock; and 70 to 280 gal/min, silici 
clastic rock (fig. 14).

SUMMARY

This report provides information on the hydrogeo 
logic setting of the Valley and Ridge Physiographic Prov 
ince, describes and maps hydrogeologic terranes within 
this setting, applies statistical tests to these hydrogeo 
logic terranes to identify significant differences in water   
yielding properties, and estimates the quantity of water 
potentially available to public and industrial supply 
wells in these hydrogeologic terranes.

The Valley and Ridge Physiographic Province is 
underlain by deformed sedimentary rock of Paleozoic 
age including dolomite, limestone, shale, and sandstone. 
Regolith (soil, sediment, and weathered rock) covers the 
Paleozoic rock throughout most of the province. Ground 
water in the consolidated sedimentary rock resides in 
and flows through secondary opening. Flow systems 
tend to be limited in depth by weathering and associated 
enhancement of secondary permeability and limited in 
areal extent by faults and folds and stream drainage net 
works. The largest flow systems discharge at springs in 
carbonate rock. Selected rock types account for a sub 
stantial part of the variation in the water-yielding prop 
erties of the rock because of the unique way in which 
these rock types deform and weather. Structure also 
accounts for some of the variation because faults juxta 
pose rock types with different water-yielding properties; 
and joints, fractures, and bedding-plane partings are a 
variable network of openings for ground-water move 
ment. Well-sorted alluvium of glacial origin in the north 
eastern one-fifth of the area, and regolith along the
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Description of most-productive wells Most-productive wells data set 
consists only of wells with casing diameters of greater than or equal to 
7 in., used for either public or industrial supply, and located in valleys.

Calculation of potential yield Potential yield is estimated by multiplying 
specific capacity shown in figure 12 for most-productive wells by a 
median drawdown of 10 ft, alluvium; 30 ft, dolomite and limestone; 
50 ft, argillaceous carbonate rock; and 90 ft, siliciclastic rock

Percentile Indicates percentage of estimates 
equal to or less than indicated values
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FIGURE 14. Variation of estimated potential yield of water to most-productive wells in hydrogeologic 
terranes in the Valley and Ridge Physiographic Province in the Eastern and Southeastern United States.
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southeastern edge of the Valley and Ridge Physiographic 
Province, store large quantities of ground water.

Hydrogeologic terranes are regionally mappable 
areas characterized by similar rock type and water- 
yielding properties; areas of a particular rock type and 
water-yielding properties were assigned to a particular 
terrane to help water users in locating and developing 
adequate water supplies. The five hydrogeologic terranes 
defined in the report alluvium, dolomite, limestone, 
argillaceous carbonate rock, and siliciclastic rock were 
defined based on the relation of rock type to the nature of 
water-yielding openings and water-yielding properties 
as indicated by the specific capacity of wells. Consoli 
dated sedimentary rock units, which were identified 
from State geologic maps, and the regolith were grouped 
into the hydrogeologic terranes on the basis of the pre 
dominant lithology of mapped geologic units. Maps 
showing the distribution of the hydrogeologic terranes in 
the study area were compiled from the same State geo 
logic maps. The hydrogeologic terranes coincide with the 
outcrop of the geologic units that have the corresponding 
predominant lithology. The siliciclastic rock hydrogeo 
logic terrane includes most of the study area. The west 
ern toe of the Blue Ridge Mountains subdivision of the 
dolomite hydrogeologic terrane is along the southeastern 
edge of the Valley and Ridge Physiographic Province 
where siliciclastic rock debris from the adjacent high 
lands covers thick residuum and dolomite. The western 
toe has wells that produce more than 1,000 gal/min.

To determine if significant differences in water- 
yielding properties among the hydrogeologic terranes 
could be detected, records for wells with 6,891 specific- 
capacity values were retrieved from the GWSI data base 
for the study area. These data were predominantly for 
domestic wells on hilltops and hillsides. Building on pre 
vious investigations, the authors selected specific capac 
ity as the variable that best represents the water-yielding 
properties of the hydrogeologic terranes in the study 
area. Casing diameter, primary use of the water, topo 
graphic setting, hydrogeologic terrane, and hydrogeo 
logic terrane subdivision were selected as variables that 
influence the value of specific capacity.

Casing diameter, primary use of the water, and topo 
graphic setting influence specific-capacity values of wells 
completed in each hydrogeologic terrane. Homogeneous 
data sets, which consist of all wells that have the same 
characteristics with respect to casing diameter, primary 
use of the water, and topographic setting, however, take 
these three variables into account and allow valid conclu 
sions regarding significant differences in water-yielding 
properties. All five hydrogeologic terranes showed dif 
ferences. According to results of Tukey statistical tests at 
a probability (alpha level) of 0.05, 8 out of 10 pairs of 
hydrogeologic terranes had significantly different

median specific-capacity values by using homogeneous 
data sets. The median specific-capacity value for public 
and industrial supply wells in the western toe subdivi 
sion of the dolomite hydrogeologic terrane is more than 
three times the value for comparable wells in the rest of 
the dolomite hydrogeologic terrane in Virginia and West 
Virginia a significant difference.

Estimates of potential yields to public and industrial 
supply wells were calculated from specific-capacity data 
for the most-productive wells, which have casing diame 
ter of 7 in. or more, discharge water primarily for public 
or industrial supply, and are in a valley. Median constant 
drawdowns, calculated from reported drawdowns, were 
determined to be between 10 and 90 ft for wells com 
pleted in each of the five hydrogeologic terranes, and 
well-entrance losses were assumed to be negligible. Esti 
mated interquartile ranges in potential yields to 412 most- 
productive wells in the five hydrogeologic terranes were 
170 to 580 gal/min, alluvium; 210 to 1,400 gal/min, dolo 
mite; 80 to 720 gal/min, limestone; 65 to 850 gal/min, 
argillaceous carbonate rock; and 70 to 280 gal/min, 
siliciclastic rock.

SELECTED REFERENCES

Bailey, Z.C., and Lee, R.W., 1991, Hydrogeology and geochemistry in 
Bear Creek and Union Valleys, near Oak Ridge, Tennessee: U.S. 
Geological Survey Water-Resources Investigations Report 
90-4008, 72 p.

Becher, A.E., and Root, S.I., 1981, Groundwater and geology of the
Cumberland Valley, Cumberland County, Pennsylvania: Pennsyl 
vania Geological Survey, 4th ser., Water Resource Report 50, 95 p.

Becher, A.E., and Taylor, L.E., 1982, Groundwater resources in the Cum 
berland and contiguous valleys of Franklin County, Pennsylva 
nia: Pennsylvania Geological Survey, 4th ser., Water Resource 
Report 53, 67 p.

Berg, T.M., Edmunds, WE., Geyer, A.R., and others, comps., 1980, Geo 
logic map of Pennsylvania: Pennsylvania Geological Survey, 4th 
ser., Map 1, 3 sheets, scale 1:250,000.

Berg, T.M., Way, J.H., and Mclnerney, M., 1985, South-central Pennsyl 
vania, column 18, southeastern Pennsylvania, column 19, and 
eastern Pennsylvania, column 24, in Patchen, D.G., Avary, K.L., 
and Erwin, R.B., regional coords.. Correlation of stratigraphic 
units of North America (COSUNA) project Northern Appala 
chian region: American Association of Petroleum Geologists, 
1 sheet.

Bieber, P.P., 1961, Ground-water features of Berkeley and Jefferson
Counties, West Virginia: West Virginia Geological and Economic 
Survey Bulletin 21, 81 p.

Bossong, C.R., 1989, Geohydrology and susceptibility of major aquifers 
to surface contamination in Alabama; area 2: U.S. Geological Sur 
vey Water-Resources Investigations Report 88-4177, 22 p.

Bradfield, A.D., 1992, Hydrology of the Cave Springs area near Chatta 
nooga, Hamilton County, Tennessee: U.S. Geological Survey 
Water-Resources Investigations Report 92-4018,28 p.

Bradley, M.W, and Hollyday, E.F., 1985, Tennessee ground-water
resources, in National water summary 1984 Hydrologic events, 
selected water-quality trends, and ground-water resources: U.S. 
Geological Survey Water-Supply Paper 2275, p. 391-396.



C26 REGIONAL AQUIFER-SYSTEM ANALYSIS APPALACHIAN VALLEY AND PIEDMONT

Brahana, J.V., and Hollyday, E.F., 1988, Dry stream reaches in carbonate 
terranes: Surface indicators of ground-water reservoirs: American 
Water Resources Association Water Resources Bulletin, v. 24, 
no. 3, p. 577-580.

Brahana, J.V., Mulderink, Dolores, Macy, J.A., and Bradley, M.W, 1986, 
Preliminary delineation and description of the regional aquifers 
of Tennessee The East Tennessee aquifer system: U.S. Geological 
Survey Water-Resources Investigations Report 82-4091, 30 p.

Brent, W.B., 1960, Geology and mineral resources of Rockingham
County: Virginia Division of Mineral Resources Bulletin 76,174 p.

Broshears, R.E., 1988, Tennessee ground-water quality, in National 
water summary 1986 Hydrologic events and ground-water 
quality: U.S. Geological Survey Water-Supply Paper 2325, 
p. 465-472.

Butts, Charles, 1910, Description of the Birmingham quadrangle, Ala 
bama: U.S. Geological Survey Atlas, Folio 175.

    1927, Description of the Bessemer-Vandiver quadrangles, Ala 
bama: U.S. Geological Survey Atlas, Folio 226.

    1933, Geologic map of the Appalachian Valley of Virginia with 
explanatory text: Virginia Division of Mineral Resources, Virginia 
Geological Survey Bulletin 42, 56 p., 1 sheet, scale 1:250,000. 
-1940, reprint 1973, Geology of the Appalachian Valley in Vir
ginia: Virginia Division of Mineral Resources, Virginia Geological 
Survey Bulletin 52, pt. 1, 568 p.

Cady, R.C., 1933, Preliminary report on ground-water resources of 
northern Virginia: Virginia Geological Survey Bulletin 41, 48 p.

Cady, R.C., and Lohr, E.W, 1936, Ground-water resources of the 
Shenandoah Valley, Virginia: Virginia Geological Survey 
Bulletin 45,137 p.

Callahan, J.T., 1958, Large springs in northwestern Georgia: Georgia 
Mineral Newsletter, v. 11, no. 3, p. 80-86.

Calver, J.L., and Hobbs, C.R.B., eds., 1963, Geologic map of Virginia: 
Virginia Division of Mineral Resources map, 1 sheet, 
scale 1:500,000.

Cardwell, D.H., Erwin, R.B., and Woodward, H.P., comps., 1968, Geo 
logic map of West Virginia: West Virginia Geological and Eco 
nomic Survey map, 2 sheets, scale 1:250,000.

Carswell, L.D., and Lloyd, O.B., 1979, Geology and groundwater
resources of Monroe County, Pennsylvania: Pennsylvania Geolog 
ical Survey, 4th ser., Water Resources Report 47, 61 p.

Causey, L.V, 1961a, Geologic map of Etowah County, Alabama: Geo 
logical Survey of Alabama Special Map 15.

    1961b, Ground-water resources of Etowah County, Ala 
bama Reconnaissance report: Geological Survey of Alabama 
Information Series 25.

    1963a, Generalized geologic maps of St. Clair County, Alabama: 
Geological Survey of Alabama Special Map 21.

   1963b, Geology and ground-water resources of St. Clair County, 
Alabama: Geological Survey of Alabama Bulletin 73.

    1965a, Geologic map of Cherokee County, Alabama: Geological 
Survey of Alabama Special Map 39. 
-1965b, Geologic rock-type map of Talladega County, Alabama:
Geological Survey of Alabama Special Map 38.

    1965c, Geology and ground-water resources of Cherokee
County, Alabama A reconnaissance: Geological Survey of Ala 
bama Bulletin 79.

    1965d, Availability of ground water in Talladega County, Ala 
bama A reconnaissance: Geological Survey of Alabama 
Bulletin 81.

Causey, L.V., Willmon, J.R., and Ellard, J.S., 1975, Water availability in 
Bibb County, Alabama: U.S. Geological Survey unnumbered 
open-file report.

    1978, Water availability in Bibb County, Alabama: Geological 
Survey of Alabama Special Map 144.

Cederstrom, D.J., Boswell, E.H., and Tarver, G.H., 1978, Summary 
appraisals of the Nation's ground-water resources South 
Atlantic-Gulf Region: U.S. Geological Survey Professional 
Paper 813-O, 35 p.

Chisholm, J.L., and Frye, P.M., 1976, Records of wells, springs, chemical 
analyses of water, biological analyses of water, and standard 
streamflow data summaries from the upper New River basin in 
West Virginia: West Virginia Geological and Economic Survey 
Basic Data Report 4, 78 p.

Clark, WE., Chisholm, J.L., and Frye, P.M., 1976, Water resources of the 
upper New River basin, West Virginia: West Virginia Geological 
and Economic Survey River Basin Bulletin 4, 87 p.

Cleaves, E.T., Edwards, Jonathan, Jr., and Glaser, J.D., comps., 1968, 
Geologic map of Maryland: Maryland Geological Survey map, 
1 sheet, scale 1:250,000.

Cloos, Ernst, 1951, Stratigraphy and sedimentary rocks of Washington 
County, in The physical features of Washington County: Mary 
land Department of Geology, Mines and Water Resources, 
p. 17-94.

Collins, W.D., Foster, M.D., Reeves, Frank, and Meacham, R.P., 1930, 
Springs of Virginia: Virginia Division of Water Resources and 
Power Bulletin 1, 55 p.

Colton, G.W., 1970, The Appalachian basin Its depositional sequences 
and their geologic relationships, in Fisher, G.W, Pettijohn, F.J., 
Reed, J.C., and Weaver, K.N., eds., Studies of Appalachian geol 
ogy Central and southern: New York, Wiley, 460 p., p. 5-47.

Cooper, B.N., 1966, Geology of the salt and gypsum deposits in the
Saltville area, Smyth and Washington Counties, Virginia, in Geol 
ogy, chemistry, and mining, v. 1, Second symposium on salt: 
Cleveland, Ohio, Northern Ohio Geological Society, p. 11-35.

Copeland, C.W, and Raymond, D.E., 1985, DeKalb and western
Etowah Counties, Alabama, column 4, Western Valley and Ridge, 
northern segment, column 5, Eastern Valley and Ridge, northern 
segment, Alabama, column 6, Western Valley and Ridge, southern 
segment, column 7, and Eastern Valley and Ridge, southern seg 
ment, column 8, in Patchen, D.G., Avary, K.L., and Erwin, R.B., 
regional coords., Correlation of stratigraphic units of North 
America (COSUNA) project Southern Appalachian region: 
American Association of Petroleum Geologists, 1 sheet.

Cressler, C.W, 1963, Geology and ground-water resources of Catoosa 
County, Georgia: Georgia Department of Natural Resources Infor 
mation Circular 28.

   1964a, Geology and ground-water resources of the Paleozoic 
rock area, Chattooga County, Georgia: Georgia Department of 
Natural Resources Information Circular 27.

    1964b, Geology and ground-water resources of Walker County, 
Georgia: Georgia Department of Natural Resources Information 
Circular 29.

    1970, Geology and ground-water resources of Floyd and Polk
Counties, Georgia: Georgia Department of Natural Resources
Information Circular 39.
-1974, Geology and ground-water resources of Gordon, Whit-
field, and Murray Counties, Georgia: Georgia Department of Nat 
ural Resources Information Circular 47.

Cressler, C.W, Blanchard, H.E., Jr., and Hester, W.G., 1979, Geohydrol- 
ogy of Bartow, Cherokee, and Forsyth Counties, Georgia: Georgia 
Department of Natural Resources Information Circular 50.

Cressler, C.W, Franklin, M.A., and Hester, W.G., 1976, Availability of 
water supplies in northwest Georgia: Georgia Department of Nat 
ural Resources, Geologic and Water Resources Division 
Bulletin 91,140 p.

Croft, M.G., 1963, Geology and ground-water resources of Bartow 
County, Georgia: U.S. Geological Survey Water-Supply 
Paper 1619-FF, 32 p.



HYDROGEOLOGIC TERRANES AND POTENTIAL YIELD OF WATER IN THE VALLEY AND RIDGE PROVINCE C27

    1964, Geology and ground-water resources of Dade County, 
Georgia: Georgia Department of Natural Resources Information 
Circular 26.

Dalton, Richard, and Markawicz, F.J., 1985, Northwestern New Jersey, 
column 25, in Patchen, D.G., Avary, K.L., and Erwin, R.B., regional 
coords., Correlation of stratigraphic units of North America 
(COSUNA) project Northern Appalachian region: American 
Association of Petroleum Geologists, 1 sheet.

Daniel, C.C., III, 1989, Statistical analysis relating well yield to construc 
tion practices and siting of wells in the Piedmont and Blue Ridge 
Provinces of North Carolina: U.S. Geological Survey Water- 
Supply Paper 2341-A, 27 p.

Daniel, C.C., III, and Payne, R.A., 1990, Hydrogeologic unit map of the 
Piedmont and Blue Ridge Provinces of North Carolina: U.S. Geo 
logical Survey Water-Resources Investigations Report 90-4035, 
1 sheet, scale 1:500,000.

DeBuchananne, G.D., and Richardson, R.M., 1956, Ground-water
resources of East Tennessee: Tennessee Division of Geology Bulle 
tin 58, pt. 1,393 p.

Dekay, R.H., 1972, Development of ground-water supplies in Shenan- 
doah National Park, Virginia: Virginia Division of Mineral 
Resources, Mineral Resources Report 10,158 p.

Diecchio, R.J., 1985, Post-Martinsburg Ordovician stratigraphy of Vir 
ginia and West Virginia: Virginia Division of Mineral Resources 
Publication 57',77 p.

Drake, A.A., Jr., 1965, Carbonate rocks of Cambrian and Ordovician 
age, Northampton and Bucks Counties, eastern Pennsylvania, 
and Warren and Hunterdon Counties, western New Jersey: U.S. 
Geological Survey Bulletin 1194-L, p. L1-L7.

Drake, A.A., Jr., and Lyttle, P.T., 1980, Alleghanian thrust faults in the 
Kittatinny Valley, New Jersey, in Manspeizer, Warren, ed., Field 
studies of New Jersey geology and guide to field trips: Newark, 
New Jersey, Rutgers University Press, p. 92-114.

Duigon, M.T., and Dine, J.R., 1991, Water resources of Washington 
County: Maryland Geological Survey Bulletin 36,109 p.

Duigon, M.T., Dine, J.R., and Tompkins, M.D., 1989, Ground-water and 
surface-water data for Washington County, Maryland: Maryland 
Geological Survey Basic Data Report No. 18, 273 p.

Edwards, Jonathan, Jr., 1978, Geologic map of Washington County: 
Maryland Geological Survey map, 1 sheet, scale 1:62,500.

Epstein, J.B., and Epstein, A.G., 1969, Geology of the Valley and Ridge 
Province between Delaware Water Gap and Lehigh Gap, Pennsyl 
vania, Field trip 1-B, in Subitzky, Seymour, ed., Geology of 
selected areas in New Jersey and eastern Pennsylvania and guide 
book of excursions: New Brunswick, New Jersey, Rutgers Univer 
sity Press, p. 132-205.

Evaldi, R.D., and Lewis, J.G., 1983, Base flow and ground water in 
upper Sweetwater Valley, Tennessee: U.S. Geological Survey 
Water-Resources Investigations Report 83-4068, 30 p.

Faust, R.J., and Harkins, J.R., 1980, Water availability, Blount County, 
Alabama: Geological Survey of Alabama Special Map 141,19 p.

Fenneman, N.M., 1938, Physiography of Eastern United States: New 
York, McGraw-Hill, 714 p.

Freeze, R.A., and Cherry, J.A., 1979, Groundwater: Englewood Cliffs, 
N.J., Prentice-Hall, 604 p.

Friel, E.A., Hobba, W.A., Jr., Chisholm, J.L., 1975, Records of wells, 
springs, and streams in the Potomac River basin, West Virginia: 
West Virginia Geological and Economic Survey Basic Data 
Report 3, 96 p.

Gaydos, M.W., and others, 1982, Hydrology of area 19, eastern coal 
province, Tennessee: U.S. Geological Survey Water-Resources 
Investigations Report 81-901, 75 p.

Gerhart, J.M., and Lazorchick, G.J., 1984, Evaluation of the ground- 
water resources of parts of Lancaster and Berks Counties, Penn

sylvania: U.S. Geological Survey Water-Resources Investigations
Report 84-4327,136 p.
-1988, Evaluation of the ground-water resources of the lower Sus-
quehanna River basin, Pennsylvania and Maryland: U.S. Geologi 
cal Survey Water-Supply Paper 2284,128 p.

Glaser, J.D., 1985, Allegany County, Maryland, column 13, and Wash 
ington County, Maryland, column 14, in Patchen, D.G., Avary, 
K.L., and Erwin R.B., regional coords., Correlation of stratigraphic 
units of North America (COSUNA) project Northern Appala 
chian region: American Association of Petroleum Geologists, 
1 sheet.

Hack, J.T., 1965, Geomorphology of the Shenandoah Valley, Virginia 
and West Virginia, and origin of the residual ore deposits: U.S. 
Geological Survey Professional Paper 484, 84 p.

Hartford, C.R., 1978, Monteagle Limestone (Upper Mississippian)
oolitic tidal-bar sedimentation in southern Cumberland Plateau: 
American Association of Petroleum Geologists Bulletin, v. 62, 
no. 4, p. 644-656.

Hardeman, W.D., 1966, Geologic map of Tennessee: Tennessee Division 
of Geology map, 4 sheets, scale 1:250,000.

Harkins, J.R., and others, 1982, Hydrology of area 24, eastern coal prov 
ince, Alabama: U.S. Geological Survey Open-File Report 81-1113, 
81 p.

Hinkle, K.R., and Sterrett, R.McC, 1976, Rockingham County ground- 
water Present conditions and prospects: Virginia Water Control 
Board Planning Bulletin 300, 88 p.

    1978, Groundwater resources of Augusta County, Virginia: Vir 
ginia Water Control Board Planning Bulletin 310,119 p.

Hobba, W.A., Jr., 1976, Ground-water hydrology of Berkeley County, 
West Virginia: West Virginia Geological and Economic Survey 
report, 21 p.

     1981, Ground-water hydrology of Jefferson County, West Vir 
ginia: West Virginia Geological and Economic Survey Environ 
mental Geology Bulletin EGB-16, 21 p.

     1985, Water in Hardy, Hampshire, and western Morgan Coun 
ties, West Virginia: West Virginia Geological and Economic Sur 
vey Environmental Geology Bulletin EGB-19, 91 p.

-1988, Progress report on the ground-water study in Jefferson
County, West Virginia, March 1988: U.S. Geological Survey Open- 
File Report 88-188, 3 p.

Hobba, W.A., Jr., Fisher, D.W, Pearson, F.J., Jr., and Chemerys, J.C., 
1979, Hydrology and geochemistry of thermal springs of the 
Appalachians: U.S. Geological Survey Professional Paper 1044-E, 
36 p.

Hobba, W.A., Jr., Friel, E.A., and Chisholm, J.L., 1972, Water resources 
of the Potomac River basin, West Virginia: West Virginia Geologi 
cal and Economic Survey River Basin Bulletin 3,110 p.

     1973, Ground-water hydrology of the Potomac River basin, 
West Virginia: West Virginia Geological and Economic Survey 
Hydrologic Map, 1 sheet, scale 1:250,000.

Hobson, J.P., Jr., 1963, Stratigraphy of the Beekmantown Group in 
southeastern Pennsylvania: Pennsylvania Geological Survey, 
4th ser., General Geology Report G37, 331 p.

Hollowell, J.R., 1971, Hydrology of the Pleistocene sediments in the 
Wyoming Valley, Luzerne County, Pennsylvania: Pennsylvania 
Geological Survey, 4th ser., Water Resource Report 28, 77 p.

Hollowell, J.R., and Coaster, H.E., 1975, Ground-water resources of
Lackawanna County, Pennsylvania: Pennsylvania Geological Sur 
vey, 4th ser., Water Resource Report 41,106 p.

Hollyday, E.F., and Goddard, PL., 1980, Ground-water availability in 
carbonate rocks of the Dandridge area, Jefferson County, Tennes 
see: U.S. Geological Survey Water-Resources Investigations 
Report 79-1236,50 p.

Hollyday, E.F., Hileman, G.E., Smith, M.A., and Pavlicek, D.J., 1996, 
Hydrogeologic terranes and potential yield of water to wells in



C28 REGIONAL AQUIFER-SYSTEM ANALYSIS APPALACHIAN VALLEY AND PIEDMONT

the Valley and Ridge Physiographic Province in Maryland, New 
Jersey, and Pennsylvania: U.S. Geological Survey Hydrologic 
Investigations Atlas HA-732-A, 2 sheets, scale 1:500,000.

Hollyday, E.F., Knopman, D.S., Smith, M.A., and Hileman, G.E., 1992, 
Statistical analysis of well records for use in classifying and map 
ping hydrogeologic terranes in the Valley and Ridge Province, in 
Hotchkiss, W.R. and Johnson, A.I., eds., Regional aquifer systems 
of the United States Aquifers of the southeastern area: American 
Water Resources Association Monograph Series 17,18 p.

Hollyday, E.F., and others, 1983, Hydrology of area 20, eastern coal
province, Tennessee, Georgia and Alabama: U.S. Geological Sur 
vey Water-Resources Investigations Report 82-440, 81 p.

Hollyday, E.F., and Smith, M.A., 1990, Large springs in the Valley and 
Ridge Province in Tennessee: U.S. Geological Survey Water- 
Resources Investigations Report 89-4205, 9 p.

Hubbard, D.A., Jr., 1990, Geologic map of Clarke County, Virginia; map 
of hydrogeologic components for Clarke County, Virginia: Vir 
ginia Division of Mineral Resources Publication 102, 2 sheets, 
scale 1:50,000.

Hufschmidt, P.W, and others, 1981, Hydrology of area 16, eastern coal 
province, Virginia and Tennessee: U.S. Geological Survey Water- 
Resources Investigations Report 81-204, 68 p.

Inman, R.L., and Conover, W.J., 1983, A modern approach to statistics: 
New York, Wiley, 497 p.

Johnston, W.D., Jr., 1933, Ground water in the Paleozoic rocks of north 
ern Alabama: Geological Survey of Alabama Special Report 16, 
414 p.

Jones, W.K., 1973, Hydrology of limestone karst in Greenbrier County, 
West Virginia: West Virginia Geological and Economic Survey 
Bulletin 36, 49 p.

Kidd, R.E., 1989, Geohydrology and susceptibility of aquifers to surface 
contamination in Alabama; area 5: U.S. Geological Survey Water- 
Resources Investigations Report 88-4083, 28 p.

King, P.B., 1950, Geology of the Elkton area, Virginia: U.S. Geological 
Survey Professional Paper 230, 82 p.

    1970, Epilogue, in Fisher, G.W, Pettijohn, F.J., Reed, J.C., and
Weaver, K.N., eds., Studies of Appalachian geology Central and 
southern: New York, Wiley, 460 p.

King, P.B., and Beikman, H.M., 1974, Geologic map of the United States: 
U.S. Geological Survey special map, 3 sheets, scale 1:2,500,000.

Knight, A.L., 1976, Water availability, Jefferson County, Alabama: Geo 
logical Survey of Alabama Special Map 167.

Knopman, D.S., 1990, Factors related to water-yielding potential of
rocks in the Piedmont and Valley and Ridge Provinces of Pennsyl 
vania: U.S. Geological Survey Water-Resources Investigations 
Report 90-4174, 52 p.

Kozar, M.D., Hobba, W.A., Jr., and Macy, J.A., 1991, Geohydrology, 
water availability, and water quality of Jefferson County, West 
Virginia, with emphasis on the carbonate area: U.S. Geological 
Survey Water-Resources Investigations Report 90-4118, 93 p.

Latta, B.F., 1956, Public and industrial ground-water supplies of the 
Roanoke-Salem district, Virginia: Virginia Division of Geology 
Bulletin 69, 53 p.

Lawton, D.E., Marsalis, WE., and others, 1976, Geologic map of Geor 
gia: Georgia Geological Survey map, 1 sheet, scale 1:500,000.

Leonard, R.B., 1962, Ground-water geology along the northwest foot of 
the Blue Ridge between Arnold Valley and Elkton, Virginia: 
Blacksburg, Va., Virginia Polytechnic Institute and State Univer 
sity, unpublished Ph.D. dissertation, 211 p.

Lewis, J.V, and Kummel, H.B., 1912, Geologic map of New Jersey: New 
Jersey Department of Conservation and Economic Development 
Atlas Sheet 40,1 sheet, scale 1:250,000. Revised by Johnson, M.E., 
1950.

Lloyd, O.B., Jr., and Carswell, L.D., 1981, Groundwater resources of the 
Williamsport region, Lycoming County, Pennsylvania, Pennsylva 
nia Geological Survey, 4th ser., Water Resource Report 51, 69 p.

Lloyd, O.B., Jr., and Lyke, W.L., 1995, Segment 10, Illinois, Indiana, Ken 
tucky, Ohio, and Tennessee, Ground-water atlas of the United 
States: U.S. Geological Survey Hydrologic Atlas 730-K, 30 p.

Luther, E.T., 1985, Pine Mountain overthrust and adjacent areas, Ten 
nessee, column 12, Valley and Ridge, Tennessee, column 13, 
Northern Unaka Mountains and adjacent Valley and Ridge, Ten 
nessee, column 14, and Southern Unaka Mountains and adjacent 
Valley and Ridge, Tennessee, column 15, in Patchen, D.G., Avary, 
K.L., and Erwin, R.B., regional coords., Correlation of strati- 
graphic units of North America (COSUNA) project Southern 
Appalachian region: American Association of Petroleum Geolo 
gists, 1 sheet.

Lyttle, P.T., and Epstein, J.B., 1987, Geologic map of the Newark
1-degree by 2-degree quadrangle, New Jersey, Pennsylvania, and 
New York: U.S. Geological Survey Miscellaneous Investigations 
Series 1-1715, 2 sheets, scale 1:250,000.

MacLachlan, D.B., 1967, Structure and stratigraphy of the limestones 
and dolomites of Dauphin County, Pennsylvania: Pennsylvania 
Geological Survey, 4th ser., General Geology Report G44,168 p.

Maclay, R.W, 1962, Geology and ground-water resources of the
Elizabethton-Johnson City area, Tennessee: U.S. Geological Sur 
vey Water-Supply Paper 1460-J, p. 386-436.

McCalley, Henry, 1897, Report on the valley regions of Alabama (Paleo 
zoic strata) part 2 on the Coosa Valley region: Geological Survey 
of Alabama Special Report 9.

McColloch, J.S., 1986, Springs of West Virginia: West Virginia Geologi 
cal and Economic Survey, v. V-6A, 493 p.

McLemore, W.H., 1971, The geology and geochemistry of the Mississip- 
pian System in northwest Georgia and southeast Tennessee: Ath 
ens, Ga., University of Georgia unpublished Ph.D. thesis.

    1985, Northwestern Valley and Ridge and Plateau, Georgia, col 
umn 9, and Southeastern Valley and Ridge, Georgia, column 10, 
in Patchen, D.G., Avary, K.L., and Erwin, R.B., regional coords., 
Correlation of stratigraphic units of North America (COSUNA) 
project Southern Appalachian region: American Association of 
Petroleum Geologists, 1 sheet.

McMaster, W.M., 1963, Geologic map of the Oak Ridge Reservation, 
Tennessee: Oak Ridge, Tennessee, U.S. Atomic Energy Commis 
sion, Oak Ridge National Laboratory, ORNL/TM-713, 23 p.

     1973, Water resources of Knox County, Tennessee, in Tennes 
see Division of Geology, Geology of Knox County, Tennessee, 
with field trips: Tennessee Division of Geology Bulletin 70, 
p. 102-104.

McMaster, W.M., and Hubbard, E.F., 1970, Water resources of the Great 
Smoky Mountains National Park, Tennessee and North Carolina: 
U.S. Geological Survey Hydrologic Investigations Atlas HA-420, 
2 sheets, scale 1:125,000.

Meisler, Harold, and Becher, A.E., 1971, Hydrogeology of the carbonate 
rocks of the Lancaster 15-minute quadrangle, Pennsylvania: 
Pennsylvania Geological Survey 4th ser., Water Resource 
Report 26,149 p.

Meng, A.A., III, Harsh, J.F., and Kull, T.K., 1985, Virginia ground-water 
resources in National water summary 1984 Hydrologic events, 
selected water-quality trends, and ground-water resources: U.S. 
Geological Survey Water-Supply Paper 2275, p. 427-432.

Meyer, Gerald, Wilmoth, B.M., and LeGrand, H.E., 1965, Sheet 10, 
Availability of ground water in the Appalachian region, in 
Schneider, W.J., and others, Water resources of the Appalachian 
region Pennsylvania to Alabama: U.S. Geological Survey Hydro- 
logic Investigations Atlas HA-198,11 sheets, scale 1:2,500,000.

Milici, R.C., Harris, L.D., and Statler, A.T., 1979, An interpretation of 
seismic cross sections in the Valley and Ridge of eastern



HYDROGEOLOGIC TERRANES AND POTENTIAL YIELD OF WATER IN THE VALLEY AND RIDGE PROVINCE C29

Tennessee: Tennessee Division of Geology Oil and Gas Seismic 
Investigations Series 1.

Miller, E.V., and Hubbard, D.A., Jr., 1986, Selected slope categories and 
karst features map of Giles County, Virginia: Virginia Division of 
Mineral Resources Publication 70,1 sheet, scale 1:50,000.

Mills, H.H., and Delcourt, P.A., 1991, Quaternary geology of the Appa 
lachian Highlands and Interior Low Plateaus, in Morrison, R.B., 
ed., Quaternary nonglacial geology; Conterminous U.S.: Boulder, 
Colo., Geological Society of America, The Geology of North 
America, v. K-2, p. 611-628.

Moffett, T.B., and Moser, P.W., 1978, Ground-water resources of the Bir 
mingham and Cahaba Valleys of Jefferson County, Alabama: Geo 
logical Survey of Alabama Circular 103, 78 p.

Mooty, W.S., 1987, Geohydrology and susceptibility of major aquifers to 
surface contamination in Alabama; area 7: U.S. Geological Survey 
Water-Resources Investigations Report 87-4109, 28 p.

Newport, T.G., 1971, Ground-water resources of Montgomery County, 
Pennsylvania: Pennsylvania Geological Survey, 4th ser., Water 
Resource Report 29, 83 p.

Nutter, L.J., 1973, Hydrogeology of the carbonate rocks, Frederick and 
Hagerstown Valleys, Maryland: Maryland Geological Survey 
Report of Investigations 19, 70 p.

Osborne, WE., Szabo, M.W, Copeland, C.W, Jr., and Neathery, T.L., 
1989, Geologic map of Alabama: Geological Survey of Alabama 
Special Map 221,1 sheet, scale 1:500,000.

Parizek, R.R., White, W.B., and Langmuir, Donald, 1971, Hydrogeology 
and geochemistry of folded and faulted carbonate rocks of the 
central Appalachian type and related land use problems field 
trip guidebook for Geological Society of America annual meeting, 
Washington, D.C., November 1971: State College, Pa., The Penn 
sylvania State University, 184 p.

Patchen, D.G., and Avary, K.L., 1985, Southeast Valley and Ridge, West 
Virginia, column 3, and northeast Valley and Ridge, West Vir 
ginia, column 10, in Patchen, D.G., Avary, K.L., and Erwin, R.B., 
regional coords., Correlation of stratigraphic units of North 
America (COSUNA) project Northern Appalachian region: 
American Association of Petroleum Geologists, 1 sheet.

Patchen, D.G., Avary, K.L., and Erwin, R.B., regional coords., 1985a, 
Correlation of stratigraphic units of North America (COSUNA) 
project Northern Appalachian region: American Association of 
Petroleum Geologists, 1 sheet.

    1985b, Correlation of stratigraphic units of North America 
(COSUNA) project Southern Appalachian region: American 
Association of Petroleum Geologists, 1 sheet.

Planert, Michael, and Pritchett, J.L., Jr., 1988, Geohydrology and suscep 
tibility of major aquifers to surface contamination in Alabama; 
area 4: U.S. Geological Survey Water-Resources Investigations 
Report 88-4133,31 p.

Price, PH., 1929, Pocahontas County: West Virginia Geological and Eco 
nomic Survey County Geological Report Series, 531 p.

Price, PH., and Heck, E.T., 1939, Greenbrier County: West Virginia Geo 
logical and Economic Survey County Geological Report Series, 
846 p.

Rader, E.K., 1985a, Highland to Craig County, Virginia, column 4, Rock- 
bridge and Botetourt Counties, Virginia, column 5, and northeast 
Valley and Ridge, Virginia, column 11, in Patchen, D.G., Avary, 
K.L., and Erwin, R.B., regional coords., Correlation of strati- 
graphic units of North America (COSUNA) project Northern 
Appalachian region: American Association of Petroleum Geolo 
gists, 1 sheet.

    1985b, Lee County, Virginia, column 20, Scott and Russell Coun 
ties, Virginia, column 22, Wythe and Pulaski Counties, Virginia, 
column 25, in Patchen, D.G., Avary, K.L., and Erwin, R.B., regional 
coords., Correlation of stratigraphic units of North America

(COSUNA) project Southern Appalachian region: American 
Association of Petroleum Geologists, 1 sheet.

Reger, D.B., 1924, Mineral and Grant Counties: West Virginia Geologi 
cal and Economic Survey County Geological Report Series, 866 p.

    1926, Mercer, Monroe, and Summers Counties: West Virginia 
Geological and Economic Survey County Geological Report 
Series, 963 p.

Robinson, W.H., Ivey, J.B., and Billingsley, G.A., 1953, Water supply of 
the Birmingham area, Alabama: U.S. Geological Survey 
Circular 254.

Rodgers, John, comp., 1953, Geologic map of East Tennessee with
explanatory text: Tennessee Division of Geology Bulletin 58, pt. 2, 
168 p.

Root, S.I., 1968, Geology and mineral resources of southeastern Frank 
lin County, Pennsylvania: Pennsylvania Geological Survey 
Atlas 119cd, 118 p.

Rutledge, A.T., and Mesko, TO., 1996, Estimated hydrologic character 
istics of shallow aquifer systems in the Valley and Ridge, the Blue 
Ridge, and the Piedmont Physiographic Provinces based on anal 
ysis of streamflow recession and base flow: U.S. Geological Sur 
vey Professional Paper 1422-B, 58 p.

Saad, D.A., and Hippe, D.J., 1990, Large springs in the Valley and Ridge 
Physiographic Province of Pennsylvania: U.S. Geological Survey 
Open-File Report 90-164,17 p.

Safford, T.H., Jr., 1966, Ground water in Marshall County, Alabama A 
reconnaissance: Geological Survey of Alabama Bulletin 85, 66 p.

SAS Institute, Inc., 1985, SAS user's guide Statistics (5th ed.): Carey, 
N.C., SAS Institute, Inc., 956 p.

Schneider, W.J., and others, 1965, Water resources of the Appalachian 
region, Pennsylvania to Alabama: U.S. Geological Survey Hydro- 
logic Investigations Atlas HA-198,11 sheets, scale 1:2,500,000.

Schultz, A.P., Stanley, C.B., Gathright, T.M., II, Rader, E.K., Barthol 
omew, M.J., Lewis, S.E., and Evans, N.H., 1986, Geologic map of 
Giles County, Virginia: Virginia Division of Mineral Resources 
Publication 69,1 sheet, scale 1:50,000.

Scott, J.C., Cobb, R.H., and Castleberry, R.D., 1987, Geohydrology and 
susceptibility of major aquifers to surface contamination in Ala 
bama; area 8: U.S. Geological Survey Water-Resources Investiga 
tions Report 86-4360, 65 p.

Scott, J.C., Harris, W.F., and Cobb, R.H., 1987, Geohydrology and sus 
ceptibility of Coldwater Spring and Jacksonville Fault areas to 
contamination, Calhoun County, Alabama: U.S. Geological Sur 
vey Water-Resources Investigations Report 87-4031, 29 p.

Seaber, PR., and Hollyday, E.F., 1965, An appraisal of the ground-water 
resources of the lower Susquehanna River basin: U.S. Geological 
Survey open-file report, 75 p.

Sevon, W.D., 1989, Surficial materials of Pennsylvania: Pennsylvania 
Geological Survey, 4th ser., Map 64,1 sheet, scale 1:2,000,000.

Shamburger, J.M., and Harkins, J.R., 1980, Water availability, Shelby 
County, Alabama: Geological Survey of Alabama Special 
Map 140.

Sherwood, W.C., 1964, Structure of the Jacksonburg Formation in
Northampton and Lehigh Counties, Pennsylvania: Pennsylvania 
Geological Survey, 4th ser., General Geology Report G45, 64 p.

Siddiqui, S.H., and Parizek, R.R., 1971, Hydrogeologic factors influenc 
ing well yields in folded and faulted carbonate rocks in central 
Pennsylvania: Water Resources Research, v. 7, no. 5, p. 1295-1312.

Simpson, T.A., 1965, Geologic and hydrologic studies in the Birming 
ham red-iron-ore district, Alabama: U.S. Geological Survey Pro 
fessional Paper 473, 47 p.

Sitterly, P.D., and Wilson, R.L., comps., 1978, Environmental geology of 
Hamilton County, Tennessee: Tennessee Division of Geology Bul 
letin 79, pt. 2,1 sheet, scale 1:48,000.



C30 REGIONAL AQUIFER-SYSTEM ANALYSIS APPALACHIAN VALLEY AND PIEDMONT

Slaughter, T.H., and Darling, J.M., 1962, The water resources of Alle- 
gany and Washington Counties: Maryland Department of Geol 
ogy, Mines and Water Resources Bulletin 24, 408 p.

Smith, E.A., 1907, The underground water resources of Alabama: Geo 
logical Survey of Alabama Monograph 6,388 p.

Sun, P-C.R, Criner, J.H., and Poole, J.L., 1963, Large springs of East Ten 
nessee: U.S. Geological Survey Water-Supply Paper 1755, 52 p.

Sun, R.J., 1986, Regional aquifer-system analysis program of the U.S. 
Geological Survey Summary of projects, 1978-1984: U.S. Geo 
logical Survey Circular 1002,264 p.

Swain, L.A., Hollyday, E.F., Daniel, C.C., III, and Zapecza, O.S., 1991, 
Plan of study for the regional aquifer-system analysis of the 
Appalachian Valley and Ridge, Piedmont, and Blue Ridge Physio 
graphic Provinces of the Eastern and Southeastern United States, 
with a description of study-area geology and hydrogeology: U.S. 
Geological Survey Water-Resources Investigations Report 
91-4066, 44 p.

Taylor, P.M., and Rosier, M.T., 1986, Ground-water data for West Vir 
ginia, 1974-84: U.S. Geological Survey Open-File Report 86-320, 
66 p.

Taylor, L.E., Werkheiser, W.H., DuPont, N.S., and Kriz, M.L, 1982,
Groundwater resources of the Juniata River basin, Pennsylvania: 
Pennsylvania Geological Survey, 4th ser., Water Resource 
Report 54,131 p.

Taylor, L.E., Werkheiser, W.H., and Kriz, M.L., 1983, Groundwater
resources of the West Branch Susquehanna River basin, Pennsyl 
vania: Pennsylvania Geological Survey, 4th ser., Water Resource 
Report 56,143 p.

Tilton, J.L., Prouty, W.F., and Price, PH., 1927, Pendleton County: West 
Virginia Geological and Economic Survey County Geological 
Report Series, 384 p.

Trainer, F.W, and Watkins, F.A., 1975, Geohydrologic reconnaissance of 
the upper Potomac River basin: U.S. Geological Survey Water- 
Supply Paper 2035, 68 p.

Tucci, Patrick, 1992, Hydrology of Melton Valley at Oak Ridge National 
Laboratory, Tennessee: U.S. Geological Survey Water-Resources 
Investigations Report 92-4131, 76 p.

Warman, J.C., and Causey, L.V, 1962a, Geologic map of Calhoun
County, Alabama: Geological Survey of Alabama Special Map 17.

    1962b, Geology and ground-water resources of Calhoun County, 
Alabama: Geological Survey of Alabama County Report 7, 77 p.

Warman, J.C., Causey, L.V, Burks, J.H., and others, 1960, Geology and 
ground-water resources of Calhoun County, Alabama Interim 
report: Geological Survey of Alabama Information Series 17, 67 p.

Webster, D.A., and Bradley, M.W, 1988, Hydrology of the Melton Valley 
radioactive-waste burial grounds at Oak Ridge National Labora 
tory, Tennessee: U.S. Geological Survey Open-File Report 87-686, 
115 p.

Webster, D.A., and Carmichael, J.K., 1993, Ground-water hydrology of 
the lower Wolftever Creek basin, with emphasis on the Carson 
Spring area, Hamilton County, Tennessee: U.S. Geological Survey 
Water-Resources Investigations Report 91-4190,47 p.

Wenzel, L.K., 1942, Methods for determining permeability of water 
bearing materials: U.S. Geological Survey Water-Supply 
Paper 887,192 p.

White, W.B., 1988, Geomorphology and hydrology of karst terrains: 
New York, Oxford University Press, 464 p.

Williams, J.H., and Eckhardt, D.A., 1987, Groundwater resources of the 
Berwick-Bloomsburg-Danville area, East-Central Pennsylvania: 
Pennsylvania Geological Survey, 4th ser., Water Resource 
Report 61, 76 p.

Wood, C.R., 1980, Summary groundwater resources of Centre County, 
Pennsylvania: Pennsylvania Geological Survey, 4th ser., Water 
Resource Report 48, 60 p.

Wood, C.R., Flippo, H.N., Jr., Lescinsky, J.B., and Barker, J.L., 1972, 
Water resources of Lehigh County, Pennsylvania: Pennsylvania 
Geological Survey, 4th ser., Water Resource Report 31, 263 p.

Wood, C.R., and MacLachlan, D.B., 1978, Geology and groundwater 
resources of northern Berks County, Pennsylvania: Pennsylvania 
Geological Survey, 4th ser., Water Resource Report 44, 91 p.

Woodward, N.B., ed., 1985, Valley and Ridge thrust belt Balanced 
structural sections, Pennsylvania to Alabama: Knoxville, Tenn., 
University of Tennessee Department of Geological Sciences Stud 
ies in Geology 12, 64 p.

Wright, W.G., 1990, Ground-water hydrology and quality in the Valley 
and Ridge and Blue Ridge Physiographic Provinces of Clarke 
County, Virginia: U.S. Geological Survey Water-Resources Investi 
gations Report 90-4134, 61 p.

Zurawski, Ann, 1978, Summary appraisals of the Nation's ground- 
water resources Tennessee Region: U.S. Geological Survey Pro 
fessional Paper 813-L, 35 p.

 ft U.S. GOVERNMENT PRINTING OFFICE: 1997-547-552


